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Chapter 1 

INTRODUCTION

The magnificent colouration phenomena that are found in nature have fascinated humans for a 

long time. Two fundamentally different mechanisms can be distinguished that generate these 

natural colours: 1) via pigments that selectively absorb light, and 2) via interference effects 

produced by nano-scaled structures. This thesis focuses on the colouration of bird feathers, 

specifically on the colours of the barbules, the tiny branches of the feathers (Hill and McGraw, 

2006; Kinoshita, 2008). Although the physical understanding of pigmentary colouration in birds 

is well established (Hill and McGraw, 2006) and the structures that are causing the brilliant 

colouration of birds have been thoroughly investigated (Durrer, 1977; Kinoshita, 2008), we 

are still lacking a proper comprehension of the optical effects. These include, for instance, the 

optics of disordered, short-range and medium-range ordered photonic structures. The focus 

of this thesis lies in advancing our understanding of one-dimensional medium-range ordered 

structures that are frequently found in the barbules of bird feathers. These structures can 

presumably be well-treated as a multilayer. This has indeed been done in various studies already 

decades ago (see for instance Durrer, 1977; Land, 1972), but these approaches were limited 

to highly regular multilayer approximations. The application of numerical methods, enabled 

by modern-day computational processing speeds, greatly enhances the information that we 

can gather and analyse, and hence allows us to study the effects of non-ideal multilayers in 

great detail. The effective-medium multilayer modelling technique that I use in this work is 

not computationally heavy, mathematically simple, and therefore very accessible. It is used in 

combination with several experimental methods, specifically spectrophotometry and imaging 

scatterometry, to study feather colours at a micro- and macro-level. An extensive analysis of the 

measured and modelled spectra, combined with the comparison of different birds with variously 

coloured feathers, will help us to further understand how the colours and the spectral and spatial 

characteristics of these particular structures are created.
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A brief history about the optics of natural structural colours

The study of the physics behind the colours of bird feathers started three and a half centuries ago 

when the Royal Society published its first scientific best-seller, Robert Hooke’s Micrographia 

(Hooke, 1665). This wonderfully illustrated book describes meticulously the intricacies of 

bird feathers, among many other topics. About the feathers of the ‘glorious’ peacock, Hooke 

writes: ‘…their upper sides seem to me to consist of a multitude of thin plated bodies which are 

exceeding thin, and lie very close together, and thereby, like mother of Pearl shells, do not onely 

reflect a very brisk light, but tinge that light in a most curious manner […] as arise immediately 

from the refractions of the light, […] yet by looking on them against the Sun, I found them to be 

ting’d with a darkish red colour, nothing a-kin to the curious and lovely greens and blues they 

exhibited’. In other words, Hooke already understood that the peacock feathers are coloured due 

to the reflection of light from “thin plated bodies” within the feather barbules, a phenomenon 

we now refer to as structural colour. The ‘darkish red’ observed upon transmission of sunlight is 

instead due to the absorption by melanin contained in the feather material and therefore referred 

to as pigmentary colour. 

 Although Hooke’s physical understanding of the observed structural colouration of the 

peacock was perfectly correct already in 1665, it took nearly three centuries to confirm the 

various mechanisms of structural colouration in general. At the beginning of the 20th century, 

pigments were well understood to be a property intrinsic to the material, but the structures that are 

responsible for the colouration beyond pigments, were still somewhat debated (Mason, 1923a; 

Mason, 1923b; Onslow, 1923; Süffert, 1924). While the mathematical description of the multiple 

reflections/transmissions of light in “regularly stratified materials” or regular multilayers has 

been formulated by Lord Rayleigh (Strutt, 1917), it was not until the development of the electron 

microscope in the 1930s that nano-scaled structures were actually revealed in various beetles, 

butterflies and bird feathers (Anderson and Richards, 1942; Land, 1972; Durrer, 1977; Kinoshita, 

2008). 

 In the past decades, the rising awareness of technological applications of structural 

colours in the field of photonics has sparked new interest into the particular structural details of 

materials that cause specific optical effects (Parker and Townley, 2007; Schroeder et al., 2018; 

Xiao et al., 2020). Also, the readily accessible numerical techniques that are now feasible due to 

modern-day computer speeds have aided a better understanding of the structural parameters that 

are responsible for specific spectral phenomena (Kolle et al., 2010; Wilts et al., 2012; Wilts et 
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al., 2014).

The basis of colouration

But let us start to discuss the physics of colours in a bit more detail. Generally, if an object 

is inhomogeneous, with components having different refractive indices, incident light will be 

scattered randomly inside the medium. In the absence of pigment, an object illuminated by white 

light will scatter the incident light diffusely to outside the object, so that it will have a white 

colour. This is for instance the case with white goose feathers, where the keratin matrix contains 

numerous air channels so that a diffuse white colour is created (Stuart-Fox et al., 2018).

 If the feathers contain pigment, it will absorb part of the scattered light, so that the 

diffusely scattered light obtains a spectral composition complementary to the pigment’s 

absorption spectrum. For instance, the breast feathers of the songbird Parus major contain blue-

absorbing carotenoid, resulting in a striking yellow colour (Shawkey and Hill, 2005). As the 

chemical nature of the pigment determines the absorption spectrum, pigmentary colouration is 

also addressed as chemical colouration.
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Figure 1.1. Refractive indices of the media of bird feather barbules. The imaginary component of 
the refractive index, representing absorption, of the main feather material, keratin, is negligible, 
but this is not the case for melanin. The wavelength (λ) dependence of the refractive index of 
keratin is given by nk = Ak + Bkλ

-2 with Ak = 1.532 and Bk = 5,890 nm2 (Leertouwer et al., 2011) 
that of melanin by: ñm = nm – ikm where nm = Am + Bmλ-2  and  km = am exp(-λ/bm), with Am = 1.648, 
Bm = 23,700 nm2, am = 0.56, and bm = 270 nm (Stavenga et al., 2015); the refractive index of air is 
wavelength-independent, with na = 1.
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 The most common pigment of bird feathers is melanin, which is embedded in the 

keratin matrix of the feathers’ barbules in small organelles, the melanosomes (McGraw, 2006; 

Prum, 2006). These sub-micrometer-sized structures sometimes also contain air. In many bird 

feather barbules, the melanosomes are not randomly arranged, but rather are structured in regular 

patterns. The orderly arranged melanosomes then create structural colours, especially because 

the refractive index of the constituent melanin (and also that of air) distinctly differs from the 

refractive index of the surrounding keratin (Figure 1.1). 

 The colouration of the feathers is quantitatively described by their reflectance spectrum. 

This thesis shows that the feather structures can be treated as dielectric multilayers and that the 

reflectance spectrum of a feather can be modelled with a matrix transfer function for multilayers. 

The feather structure therefore is sliced into thin layers for which the effective refractive index 

can be calculated from the relative concentration of the various material components. It hence is 

useful to first consider the optics of thin films (Figure 1.2).

0

1

2

dn1

n2

n0

Figure 1.2. A thin film with thickness d and refractive index n1 in between two media with 
refractive indices n0 and n2. Light incident at angle θ0 is refracted with angles θ1 and θ2 .
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Reflectance of a thin film

For a single thin film, the reflectance is derived from R = |r|2, where r is the reflection coefficient 

of the thin film, which is given for both TE- and TM-polarized light by the Airy formula (Yeh, 

2005, Stavenga, 2014)

 r =   (r01+r12 e
-2i φ) / (1+r01 r12 e

-2i φ)     (1),

where φ= kn1d cosθ1, d is the thickness, and r01 and r12 are the reflection coefficients of the 

interfaces given by the Fresnel formulas: 

 TE:     rj–1, j = (nj–1cj–1– njcj) / (nj–1cj–1+ njcj)    (2a) 

and 

 TM: rj–1, j = (nj–1cj– njcj–1) / (nj–1cj+ njcj–1)    (2b),

with j = 1, 2; cj = cosθj. 

For the case where the refractive indices are real, the reflectance is

 

         (3)

The reflectance then has extrema (minima and maxima) for sin2φ = 0, or, φ = uπ/2, with u > 0 and 

integer, or, for 2dcosθ1 = uλ/2. When the refractive index of the media are n0 < n1 < n2 reflectance 

maxima occur for u = 0, 2, 4, …, i.e., for u = 2m, with m = 0, 1, 2,…. The condition for constructive 

interference then is 2dcosθ1 = mλ. When n0 < n1 > n2 maxima occur for u = 1, 3, 5, …, i.e., for 

u = 2m +1. The condition for constructive interference then becomes 2dcosθ1 = (m+½)λ. So-

called destructive interference, causing reflectance minima, occur at the intermediate integer 

u-values. The spectral composition of light reflected by a thin film depends on the angle of 

light incidence, and this phenomenon is called iridescence. This colouration is essentially due 

to the physics of how light interacts with an object, and structural colouration therefore is also 

addressed as physical colouration.

R =
r01
2 + r12

2 + 2r01r12 cos2ϕ
1+ r01

2 + r12
2 + 2r01r12 cos2ϕ
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Reflectance and transmittance of a multilayer 

A stack of thin films also creates structural colouration. Let us consider a multilayer consisting 

of N infinite wide, thin layers of homogeneous dielectric media, separated by parallel surfaces, 

faced by media with (real) refractive indices n0 and nN+1 (Figure 1.3). The thicknesses of the 

layers are dj and the refractive indices are in general complex: nj  = njR–  injI (j = 1, 2,…, N).

 The imaginary part of the refractive index is related to the absorption coefficient of 

the medium, κj , by κj = 2knjI , where k = 2π/λ is the wave number in vacuum (λ is the light 

wavelength). The propagation of light through the multilayer is governed by Snell’s law: 

 nj sin θj = n0 sin θ0 ,  j = 1, 2,….., N+1    (1.4)

where the angle of incidence θj of the light ray at the interface of media j and j + 1 can be complex. 

The light propagation through the multilayer is described by the transfer matrix (Yeh, 2005)

  

   M =
M11 M12

M21 M22

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= D0

−1 Qj
j=1

N

∏⎡
⎣
⎢

⎤

⎦
⎥DN+1     (1.5)  

  

0 1 2 3 j   j+1 N N+1

0 1 N N+1

n1
n nN N+1n0

d1 dN

Figure 1.3. Diagram of light propagation in a multilayer consisting of stack of N thin films with 
thickness dj and refractive index nj (j =1, 2,…N) facing media with refractive indices n0 and  nN+1. 

Incident light entering with an angle θ0 to the normal, propagates in layer j with an angle θj, 
following from Snell’s law.
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where

    Dj =
pj p j
q j −qj

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

,   j = 0, 1, 2, …., N+1   (1.6)

and

                                            

                                                               ,           j = 1, 2, …., N   (1.7)

with aj = cosφj and  bj = sinφj, where φj = knj dj cosθj .  For TE-waves  pj and qj = nj cosθj , while 

for TM-waves  pj  = cosθj and  qj = nj. The reflectance and transmittance of the multilayer then are

   

                                   and      T =
nN+1
n0

cosθN+1
cosθ0

1
M11

2

        (1.8)

When the multilayer consists of alternating layers of two material layers with thickness da and db 

and refractive index na and nb, the condition for constructive interference becomes

 2 (nada cosθa + nbdb cosθb ) = mλ     (1.9)

where θa and θb  are the angles of refraction in the two media. At normal incidence these angles 

are θa= θb = 0o , or, the principal peak wavelength then is λ = 2(nada + nbdb ). In a so-called “ideal” 

multilayer, the optical path lengths of the alternating layers are equal, nada = nbdb = nd, giving 

λpeak = 4nd. This relationship allows a quick assessment of the dimensions of the multilayer 

structure when the reflectance spectrum is known.

This thesis

In this thesis I report on the study of the structural colours in bird feathers. By making use of 

new methods of measuring and calculating the optical properties of these samples, I have built 

on pioneering work performed decades ago (Durrer, 1962; Rutschke, 1966; Durrer and Villiger, 

1967; Durrer and Villiger, 1970; Durrer, 1977) with the aim to broaden our insights into the 

physics that governs the appearance of these natural photonic objects.

 Macro- and micro-spectrophotometry methods were used to measure the colouration 

Qj =
aj ibj p j / qj

ibjq j / pj a j

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

R =
M21

M11

2
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quantitatively by means of reflectance and transmittance spectra. Macroscopic angle-resolved 

spectrophotometry yielded the reflectance for varying degrees of incidence, while imaging 

scatterometry allowed to get an image of the spatial distribution of scattering light by the 

sample. By approximating the various structures with multilayer arrangements and calculating 

the reflectance and transmittance with a very accessible modelling method, it was possible to 

describe the measured spectra appropriately. These methods are all described in detail in the 

respective chapters.

 In Chapter 2, I describe the study of biophotonic structures in the feather barbules of 

the European starling and the Cape starling by treating them as a simple multilayer. Both birds 

have only a single layer of melanosomes, which are respectively solid and hollow, corresponding 

to two material interfaces for the European starling and five interfaces for the Cape starling, in 

both cases without a regular periodicity. Besides providing a more detailed understanding of the 

melanosome shapes of the Cape starling, my results show that the colour of both birds is coupled 

to the keratin cortex thickness, which is defined by the spacing of the melanosome layer to the 

barbule surface. 

 Chapter 3 is dedicated to the investigation of a very prominent biophotonic structure, 

namely that of the peacock’s blue coloured neck feathers, which have a photonic structure with 

about 10 melanosome layers, spaced by layers of keratin interlaced with air channels.  I found 

that this truly unique biophotonic structure, which has a very long-range order as well as a 

two-dimensional arrangement of melanosomes, can be exceptionally well approximated by 

multilayer modelling. This result is supported by the comparison to a full-scale electromagnetic 

field calculation using FDTD modelling of the peacock’s blue photonic structure, for varying 

angles of incidence and reflection. 

 Chapter 4 reports how the approach detailed in chapter 3 can be successfully applied 

also for the various structural colours of the six different colour regions of the peacock tail 

feather. Here, the role of short- versus long-range order was clarified for the case of a dielectric 

multilayer, since the various colour regions comprise between 3 and 12 melanosome layers 

(7-25 material interfaces). I also describe in detail the crucial role that the uppermost layers 

of the photonic structure, and especially the cortex layer, play in determining the shape of the 

spectrum. These results demonstrate that tuning of the structural colours can be based on a very 

simple mechanism, viz. the thickness of the cortex.

 Chapter 5 details a study of the changes that the structural colours of bird feathers 
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undergo when subjected to water. I included in this survey both short- and long-ranged ordered 

structures of both solid and hollow melanosomes that can be found in the European starling, 

Cape starling, mallard and magpie feathers. Wetting of the feathers causes a bathochromic 

(toward longer wavelengths) shift of the reflectance spectra, presumably due to expansion of the 

keratin. 
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Chapter 2

Cortex thickness is key  
for the colours of bird feather barbules 

with a single melanosome layer

Abstract

The plumage of many birds is structurally coloured due to an orderly arrangement of 

melanosomes in their feather barbules. In this chapter we report on an investigation of barbules 

with essentially a single layer of melanosomes existing in the feathers of the European starling 

(Sturnus vulgaris) and the Cape starling (Lamprotornis nitens). Whereas the melanosomes 

in the barbules of S. vulgaris are solid and rod-shaped, they are hollow and rod- as well as 

platelet-shaped in L. nitens. We analysed the colouration of the feathers by applying imaging 

scatterometry, bifurcated-probe- and micro-spectrophotometry. The European starling 

features blue- to purple-coloured feathers, yielding reflectance spectra with multiple peaks. 

The reflectance spectra of the blue and green feathers of the Cape starling show a distinct, 

single peak. We interpreted the experimental data by effective-medium multilayer modelling, 

assuming that the barbules of the two starling species contain a simple multilayer, a cortex layer 

plus a single layer of melanosomes, as indicated by anatomy. Modelling demonstrates that in 

both starling species the keratin cortex thickness principally determines the peak wavelength of 

the reflectance bands, while the melanosome layer only plays a secondary role. The air cavity in 

the hollow melanosomes plays a crucial role in the colouration by creating a strongly enhanced 

refractive index contrast. It thus very effectively causes a high reflectance and a supremely 

glossy appearance.

Submitted as: Freyer, P. and Stavenga, D. G. (2021). Cortex thickness is key for the 
colours of bird feather barbules with a single melanosome layer.
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Introduction

Many bird species feature a brightly coloured plumage, due to wavelength-selective absorbing 

pigments and/or more or less orderly arranged, nano-scale structures (Durrer, 1977; Hill and 

McGraw, 2006; Prum, 2006; Kinoshita, 2008). The universally occurring pigment is melanin, 

which causes the black feathers of numerous bird species (McGraw, 2006). Melanin pigment 

is also applied as a light absorber in brightly coloured feathers. For instance, in feathers of 

passerines that are coloured by carotenoids, or parrot feathers coloured by psittacofulvins, 

melanin granules absorb stray light that would otherwise desaturate the colouration, and melanin 

has a similar contrast-enhancing function in feather barbs that are structural coloured due to 

nano-sized, spongy keratin structures (Prum, 2006; D’Alba et al., 2012; Tinbergen et al., 2013; 

Shawkey and D’Alba, 2017). 

 Remarkably, however, instead of being an effective absorber of light, melanised 

organelles (the melanosomes) can function as reflectors, because melanin has a relatively high 

refractive index with respect to the bulk feather material, keratin (Mason, 1923; Durrer, 1977; 

Stavenga et al., 2015). When the melanosomes are contiguously packed in layers that alternate 

with keratin layers, they form optical multilayers in the barbules that highly reflect incident light 

within a restricted wavelength-range (Kinoshita, 2008). Striking examples where multilayers of 

solid melanin rodlets create bright reflectors include the feathers of bird of paradise, common 

bronzewing pigeons, and ducks (Durrer, 1977; Stavenga et al., 2011; Eliason and Shawkey, 

2012; Xiao et al., 2014; Stavenga et al., 2017). 

 Air has a much lower refractive index than keratin, which offers an attractive way to 

enhance the reflecting structures in feathers. Barbules with hollow melanin rodlets arranged 

in multilayers occur in turkey, magpie, and trogons (Durrer and Villiger, 1966; Eliason et al., 

2013; Stavenga et al., 2018). Similarly, barbules with stacks of melanosomes that resemble 

hollow platelets generate the bright colours in hummingbird feathers (Greenewalt et al., 1960; 

Durrer, 1977; Giraldo et al., 2018; Eliason et al., 2020). In the unique case of peacock feathers, 

rectangular lattices of melanin rodlets and air channels embedded in the keratin matrix create 

highly reflecting barbules (Durrer, 1986). The rainbow of different colours of peacock feathers is 

realized by small variations in the dimensions of the lattice of air channels and melanin rodlets 

(Durrer, 1965; Zi et al., 2003; Freyer et al., 2019). 

 In the course of our studies on peacock feathers, we found that a crucial element of the 
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peacock’s photonic structures is the keratin cortex, which exists in between the barbule boundary 

and the upper layer of melanosomes. When the number of melanin and air channel layers is high, 

the cortex thickness has a minor effect on the reflectance spectrum of the barbules, but when the 

number of layers decreases, the cortex thickness becomes increasingly important (Freyer and 

Stavenga, 2020). We therefore decided to study the role of the cortex into greater detail in the 

extreme case where only a single layer of melanosomes exists. This is realized in the barbules 

of the coloured feathers that are interspersed in the general blackish plumage of the European or 

Common starling, Sturnus vulgaris. Its melanin granules are solid rodlets (Durrer and Villiger, 

1970). On the other hand, a single layer of hollow, platelet-shaped melanosomes exists below a 

keratin cortex in the feather barbules of the Cape starling, Lamprotornis nitens, also called the 

Cape glossy starling because of its exceptionally glossy appearance (Durrer and Villiger, 1970). 

 Here we report on our investigation of the effect of the different melanosome monolayers 

on the feather reflection properties of the two bird species. We calculated the reflectance spectra 

with an effective-medium multilayer model and compared the results with optical measurements. 

We concluded for feather barbules with a single layer of melanosomes that the thickness of 

the cortex is the most important parameter that determines the feather colour. The structural 

characteristics of the melanosome layer are of secondary importance, but the air cavity in the 

melanosomes considerably enhances the reflectance and thus the feather colouration.

Materials and methods

Starling feather samples and images

S. vulgaris feathers were collected in the Netherlands (near Groningen) and L. nitens feathers 

in Namibia (near Windhoek). Photomacrographs were made with a Canon EOS 30D camera. 

Micrographs of single barbules were made with a Zeiss Universal microscope (Zeiss AG, 

Oberkochen, Germany) equipped with a Zeiss Epiplan 40×/0.85 objective and a ScopeTek 

DCM510 camera. A Zeiss 100×/1.3 oil immersion objective was used for visualizing the 

melanosomes.
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Anatomy

We derived the anatomical data of the starling barbules from transmission electron microscopy 

(TEM) studies. The melanin granules of S. vulgaris are solid rodlets with a length of 

1.0-2.0 µm and diameter of 0.21-0.26 µm (Durrer and Villiger, 1970). The barbules of 

Lamprotornis species have a single layer of platelet-shaped, hollow melanosomes below a 

keratin cortex. The melanosomes are reported to have a diameter of about 1.0 µm by 0.8 µm, 

and a thickness of 0.21-0.24 µm, because of two melanin layers of 70 nm and an intermittent air 

layer of 70-100 nm approximately (Durrer and Villiger, 1970). We compared these values with 

data deduced from micrographs of barbules immersed in oil. 

Effective-medium multilayer modelling

We treated the starling barbules as a simple multilayer in air consisting of a keratin cortex and 

a melanosome layer embedded in keratin, i.e., with a keratin backing. We calculated reflectance 

spectra for normal illumination using a transfer matrix program based on classical optical 

multilayer theory (Yeh, 2005; Stavenga, 2014). The effective refractive index of the layer with 

melanosomes was obtained by

 ñeff = (fknk

w + fmñm

w + fana

w) 1/w     (2.1),

where fk, fm, and fa, are the volume fractions of the components keratin, melanin, and air, 

with fk + fm + fa = 1; w is a weighting factor. The implemented refractive index of the cortex 

and keratin backing was nk = Ak + Bkλ
-2 with Ak = 1.532 and Bk = 5,890 nm2 (Leertouwer 

et al., 2011). The applied refractive index of melanin was complex: ñm = nm – ikm where 

nm = Am + Bmλ-2  and km = am exp(-λ/bm), with Am = 1.648, Bm = 23,700 nm2, am = 0.56, and 

bm = 270 nm (Stavenga et al., 2015); the refractive index of air is wavelength-independent, with 

na = 1. For the case of solid melanosomes (S. vulgaris), the refractive index of the melanosome 

layer was calculated with fa = 0. In a previous study on the reflectance of magpie feather 

barbules with stacked hollow melanosomes (Stavenga et al., 2018), w varying between -2.0 and 

2.0 was found to have distinct effects on the reflectance spectra (see also Freyer et al., 2019, 

for an example of peacock barbules). However, in the present cases of barbules with a single 

melanosome layer, the reflectance spectra calculated for various values of w were very similar, 

and therefore all results presented here were obtained with a weighting factor w = 1. 
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Imaging scatterometry

We investigated the spatial reflection characteristics of the barbules by imaging scatterometry 

(ISM). An isolated barbule was glued to the tip of a glass micropipette (Stavenga et al., 2009; 

Wilts et al., 2009). A narrow-aperture (< 5°) white-light beam was focused on a small circular 

area (diameter 13 µm) of a single barbule cell and the spatial distribution of the far-field scattered 

light was then monitored. The exposure times were appropriately adjusted to obtain a sufficiently 

clear image without overexposure.

Spectrophotometry

Reflectance spectra of the different areas of the starling feathers were measured with a bifurcated 

probe (Avantes FCR-7UV200), using a CCD detector array spectrometer (Avantes AvaSpec-2048, 

Apeldoorn, The Netherlands). The light source was a deuterium-halogen lamp (Avantes 

AvaLight-D(H)-S), and the reference was a white diffusely scattering reflection tile (Avantes WS 

2). Reflectance spectra of small barbule areas were measured with a microspectrophotometer 

(MSP). The MSP was a Leitz Ortholux microscope (Leitz, Wetzlar, Germany) with a 

LUCPlanFL 20×/0.45 objective (Olympus, Tokyo, Japan) and a xenon arc light source. The area 

measured with the MSP was a square (edge length ~5 µm) that was determined by a diaphragm 

in the microscope’s image plane. The latter was imaged at the entrance of an optical fibre 

connected to the detector array spectrometer. Due to the glass optics inside the microscope, the 

MSP spectra were limited to wavelengths > 360 nm. However, this limitation is compensated by 

the bifurcated probe measurements that yield a confident signal between 250-900 nm. Note that 

the probe and MSP collect light from a limited aperture and therefore the measured reflectance 

depends on the spatial reflection properties of the object, for instance its local flatness.

Results

The European starling (Sturnus vulgaris)

Feathers, barbules and melanosomes 

The plumage of the European starling (S. vulgaris) is grey-black with whitish spots, but it can 

prominently feature metallic blue, green or purple feather areas (Figure 2.1a). Epi-illumination 

light microscopy demonstrated that the colours originate from the feather barbules, which branch 
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from either side of the barbs and partly overlap each other (Figure 2.1b,c). The barbules consist 

of a row of more or less flat cells, each exposing a surface with size ~20×50 µm2. The hue can 

differ between neighbouring cells, but within a cell the hue varies only slightly (Figure 2.1d,e). 

This indicates that the anatomical variation within a single barbule cell is minor.

 As shown by transmission electron microscopy, the barbule cell border is marked 

by a layer of melanosomes below a keratin cortex layer (Figure 2.2a; Durrer and Villiger, 

1970; Durrer, 1977). Numerous melanosomes exist in the barbules’ central area, but they are 

randomly distributed (Figure 2.2a). TEM micrographs yielded mean diameters Dm = 250 nm and 

Dm = 254 nm for the green and purple barbules, respectively (Durrer and Villiger, 1970). To 

visualize the melanosomes of the starling’s feather barbules in situ, we applied epi-illumination 

microscopy on green (Figure 2.2b) and purple (Figure 2.2b) barbules immersed in oil. The 

micrographs show ~1.5 µm long, rod-shaped melanosomes, arranged in clusters that are mostly 

oriented parallel to the barbule axis (Figure 2.2b,c). Assuming that the melanosomes touch each 

other, as pictured in the diagram of Figure 2.2d (from Durrer and Villiger, 1970), we estimated 

for the melanosome rodlets in the green barbules a diameter Dm = 349±25 nm and for the 

purple barbules Dm = 351±22 nm. These values suggest, in agreement with Durrer and Villiger 

(1970), that the differently coloured barbules are populated by essentially one and the same 

melanosome type. However, the difference in the deduced diameter values indicates that either 

the melanosomes in the barbules studied here are on average spaced apart by ~100 nm or the 

melanosome diameter varies between individual birds. 

Figure 2.1. The European starling, Sturnus vulgaris, and its structural colours. (a) A starling with 
colourful throat and breast feathers (photograph by Nathan deBoer). (b) A throat feather. (c) A 
breast feather. (d) Throat barbules. (e) Breast barbules. Scale bars: (b,c) 1 mm; (d,e) 50 µm.



2727

Cortex thickness is key

 The anatomy suggests that the barbule’s cortex and melanosome layer form a simple 

multilayer reflector that causes the structural colouration. We tested this hypothesis by applying 

imaging scatterometry (Figure 2.2e). Local illumination of a purple barbule by a narrow aperture 

light beam indeed produced a scatterogram with a very restricted light spot. This signature of a 

very directional reflection validates the multilayer assumption.

 We have to note that the local scatterogram patterns often deviated from an ideal, single 

spot, meaning that the multilayer is locally not perfectly flat, which can also be seen in the 

anatomy (Figure 2.2a).

Figure 2.2. Anatomy and scatterometry of a barbule of S. vulgaris. (a) Transmission electron 
micrograph of a barbule cross section of the Sulawesi myna starling, Basilornis celebensis (from 
Durrer and Villiger, 1970). (b) Epi-illumination micrographs of a green barbule of S. vulgaris 
in oil immersion. (c) Epi-illumination micrographs of a purple barbule of S. vulgaris in oil 
immersion. (d) Diagram of a S. vulgaris barbule with melanosome rodlets in keratin matrix (from 
Durrer, 1977). (e) Imaging scatterogram of a purple barbule. The white circles in the diagrams 
indicate polar angles of 5°, 30°, 60° and 90°. Scale bars: (a-c) 2 µm.
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Figure 2.3. Effective-medium multilayer modeling of a S. vulgaris barbule. (a-c). Rodlet melano-

somes with diameter Dm = 250 nm and interdistance Di = 0, 50, and 100 nm are embedded in a 
keratin barbule at a distance c = 310 nm from the border. In the legend of (c), (Re) concerns the 
case where the melanin is absorptionless, i.e., the refractive index is real. (d-f) The case of a layer 

of rodlet melanosomes with varying melanin fraction (fm var) compared with stepwise changing 
melanin layers with a different melanin fraction and layer thickness (for numbering (i-iv), see 

text). (g-i) Melanosomes with diameter Dm = 250, 300, and 350 nm. (j-l) Layer of melanosomes, 

diameter Dm = 250 nm, interdistance Di = 0 nm, with cortex thickness c = 250, 290, 330, and 
370 nm. (a,d,g,j) Profiles of the real and imaginary refractive index at 500 nm. The barbule (and 
cortex) surface is at abscissa (distance) value 100 nm. (b,e,h,k) Reflectance spectra.  
(c,f,i,l) Transmittance spectra.

(a)

(d)

(g)

(j)

(c)

(f)

(i)

(l)

(b)

(e)

(h)

(k)

Distance (nm) Wavelength (nm)
0 200 400 600 800 1000

0.0

0.5

1.0

1.5

300 400 500 600 700 800 900
0.00

0.02

0.04

0.06

0.08

0.10

R
ef

le
ct

an
ce

c (nm)

  250
  290
  330
  370

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

it
ta

n
ce

c
D

D

m

i

0 200 400 600 800 1000
0.0

0.5

1.0

1.5

300 400 500 600 700 800 900
0.00

0.02

0.04

0.06

0.08

0.10

R
ef

le
ct

an
ce

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

it
ta

n
ce

     0 (Re)
     0
   50
 100

0 200 400 600 800 1000
0.0

0.5

1.0

1.5  Re(n )eff

 Im(n )eff

300 400 500 600 700 800 900
0.00

0.02

0.04

0.06

0.08

0.10

R
ef

le
ct

an
ce

T
ra

n
sm

it
ta

n
ce

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

1
var

   /2√π
/4π

0 200 400 600 800 1000
0.0

0.5

1.0

1.5

300 400 500 600 700 800 900
0.00

0.02

0.04

0.06

0.08

0.10

R
ef

le
ct

an
ce

fm

Dm(nm)

  250
  300
  350

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

it
ta

n
ce

Wavelength (nm)

D (nm)   i

~

~

R
ef

ra
ct

iv
e 

in
de

x 
@

 5
00

 n
m

 
R

ef
ra

ct
iv

e 
in

de
x 

@
 5

00
 n

m
 

R
ef

ra
ct

iv
e 

in
de

x 
@

 5
00

 n
m

 
R

ef
ra

ct
iv

e 
in

d
ex

 @
 5

0
0

 n
m

 



2929

Cortex thickness is key

Multilayer modelling

We calculated the barbule’s reflectance spectra with an effective-medium multilayer model 

(Figure 2.3). We treated the barbule structure as a multilayer, consisting of a keratin cortex 

(thickness c, facing air) and a single layer of rodlet-shaped melanosomes (diameter Dm, 

interdistance Di) in a keratin matrix (see inset Figure 2.3a). The coloured feathers differ in 

the thickness of the barbule cortex, as for blue-green and red-violet feathers c = 290 nm and 

c = 330 nm, respectively (Durrer and Villiger, 1970). For our initial calculations, we took for 

the cortex thickness c = 310 nm together with a melanosome diameter Dm = 250 nm (Durrer and 

Villiger, 1970). We used these values and the refractive indices of keratin and melanin in Equation 

2.1 to calculate the real and imaginary effective refractive index profiles, Re(ñeff) and Im(ñeff), 

along the coordinate perpendicular to the barbule surface for three cases where the melanosome 

interdistance is Di = 0, 50, and 100 nm. By applying a transfer matrix calculation procedure, we 

then derived the reflectance and transmittance spectra (Figure 2.3b,c). The reflectance spectra 

of Figure 2.3b show two distinct bands, peaking in the UV, at ~340 nm, and in the green, at 

~510 nm. The reflectance amplitude slightly decreases with an increasing melanosome separation 

(Figure 2.3b), together with a slight increase of the transmittance (Figure 2.3c), but the spectral 

shapes hardly depend on Di.

 The transmittance increases with increasing wavelength, which is immediately 

recognised as the hallmark of melanin absorption. We investigated the possible effect of 

absorption on the reflectance by assuming that the melanin refractive index is real instead of 

complex. The reflectance spectrum then obtained, for the case Di = 0 (Figure 2.3b, green curve), 

has a slightly higher amplitude than the spectrum resulting with the complex refractive index, 

and its peak wavelength is a few nm shifted, but overall the effect of melanin absorption on the 

reflectance spectrum can be considered to be minor. When fully neglecting melanin absorption, 

with a reflectance of at most a few percent, the transmittance obviously becomes almost 100% 

(Figure 2.3c, green curve). 

 In studies of the structural colouration by melanosomes, the layers are commonly 

assumed to create discrete, stepwise changes in refractive index, but in our effective-medium 

approach we implemented more realistic, gradual changes in the refractive index. We investigated 

the difference between stepwise and gradual changes of the refractive index by considering that 

solid rodlets with diameter Dm, contiguously arranged (Di = 0 nm) in a layer with thickness Dm, 

create a mean melanin fraction there of (πDm2/4)/Dm = πDm/4. The same mean melanin fraction 
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can be realized in different ways (Figure 2.3d-f). Figure 2.3d shows the real and imaginary 

effective refractive index profiles for four cases (see Figure 2.3d inset): (i) the rodlets of 

Figure 2.3a-c with diameter Dm = 250 nm and gradually changing melanin fraction fm; (ii) a 

discrete layer with thickness πDm/4 and pure melanin, .fm = 1; (iii) a discrete layer with thickness 

Dm√π/2 and reduced melanin, fm = √π/2; and (iv) a discrete layer with thickness Dm and less 

melanin, fm = π/4. The reflectance spectra calculated for the four cases have in the visible 

wavelength range similar shapes and peak wavelengths (~510 nm) but different reflectance 

magnitudes of the extrema (Figure 2.3e). The transmittance spectra are virtually identical, which 

is not surprising, because the total melanin content is identical (Figure 2.3f).

 The total melanin content is not constant when varying the diameter of the 

melanin rodlets (Figure 2.3g-i). We considered three cases of the melanosome diameter: 

Dm = 250, 300, and 350 nm; we maintained the cortex thickness c = 310 nm and took for the 

melanosome interdistance Di = 0 nm. The detailed shape of the resulting reflectance spectra 

varies, but the spectral locations of the UV and green bands stay about the same (Figure 2.3h). 

Of course, due to the increasing melanin content, the transmittance decreases with increasing 

rodlet diameter (Figure 2.3i). 

 We finally investigated the effect of the cortex thickness. In addition to the literature 

values c = 290 and 330 nm (Durrer and Villiger, 1970), we also applied c = 250 nm and 

c = 370 nm, while keeping Dm = 250 nm and Di = 0 nm (Figure 2.3j-l). The resulting reflectance 

spectra have all approximately the same shape, but the peak wavelengths of the four cases,  

455, 496, 536, and 577 nm, respectively, are shifted ~40 nm with respect to each other along the 

wavelength abscissa (Figure 2.3k). Naturally, the transmittance spectra are virtually identical 

again (Figure 2.3l). We can conclude from the various parameter values that the cortex thickness 

is the most sensitive parameter that determines the barbule’s reflectance spectrum and thereby 

its colour. 

Comparison of measured and modelled reflectance spectra

We measured reflectance spectra in single cells of various coloured feather barbules of S. 

vulgaris using a microspectrophotometer (MSP). Figure 2.4a and 4b show MSP spectra from 

barbule cells of a green and purple feather, respectively. Although the shape of the different 

spectra is similar, they are shifted with respect to each other by several tens of nm. The variation 

in amplitude is also very notable, which is the consequence of the measurement procedure, 
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because the objective of the microspectrophotometer projects a light beam with a considerable 

aperture onto the barbule. As the barbule and its multilayer reflector is not perfectly flat, part 

of the reflected light will not be captured by the objective. In other words, even when the local 

cortex thickness and melanosome layer remain constant, although the spectral shape will stay the 

same, the amplitude of the measured reflectance will vary. 

 In order to estimate the local cortex thicknesses, we compared two examples of the 

measured spectra with spectra calculated with the above model, adjusting the parameters so as 

to obtain a close fit. Taking again Dm = 250 nm, satisfactory fits for the case of a blue-green and 

a purple barbule were obtained with c = 300 nm and c = 230 nm, respectively (Figure 2.4c). 

Figure 2.4. Reflectance spectra of feathers and barbules of S. vulgaris. (a) Spectra from local 
areas of a green breast barbule measured with a microspectrophotometer (MSP). (b) Spectra from 
local areas of a throat barbule measured with the MSP. (c) Experimental (MSP) spectra of (a) and 
(b) compared with modelled (model) spectra for cortex thicknesses of 300 nm (green) and 230 nm 
(purple). (d) Reflectance spectra measured with a bifurcated reflection probe of a green and purple 
wing area.
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 Measured locally within a single barbule cell, the reflectance spectra vary (Figure 2.4a,b). 

These variations cannot be visually resolved without microscope and the displayed colouration 

will thus be a sum of the local spectral reflections. This can be illustrated by measuring the 

reflectance with a bifurcated probe, which integrates the reflections from an area on the order of 

1 mm2. The different coloured feather areas then yield clearly distinct reflectance spectra (Figure 

2.4d).

Feathers of the Cape starling (Lamprotornis nitens)

Feathers, barbules and melanosomes 

Compared to the European starling, the Cape starling (L. nitens) has a more impressive display, 

with striking metallic colours throughout its entire plumage (Figure 2.5a). The head, body 

and wing feathers are coloured variously blue-green (Figure 2.5b), while the tail is uniformly 

blue (Figure 2.5c). Micrographs show that individual barbule cells are again rather uniformly 

coloured, but the colour of adjacent cells can differ substantially (Figure 2.5d,e). 

 The Cape starling has hollow melanosomes (Craig and Hartley 1985; Maia et al., 2013). 

TEM studies on barbules of a related glossy starling, the Superb starling Lamprotornis superbus, 

revealed a single layer of hollow melanosomes, which line the entire barbule perimeter like the 

melanosomes of S. vulgaris barbules (Figure 2.6a; from Durrer and Villiger, 1970). We visualized 

the melanosomes in feather barbules of L. nitens by applying epi-illumination microscopy on 

barbules immersed in oil (Figure 2.6b,c). The resulting images differed remarkably from those of 

Figure 2.5. The Cape starling (L. nitens) and its structural colours. (a) A starling with its main 
blue and some green feathers (photograph by T. Schoch). (b) A green secondary feather. (c) A blue 
tail feather. (d) A secondary feather barbule. (e) A tail feather barbule. Scale bars: (b,c) 2 cm, (d,e) 
20 µm.
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the European starling as they showed a majority of doughnut-like shapes intermingled with small 

bars. Durrer and Villiger described the melanosomes of four Lamprotornus species as platelet-

shaped, having a compact melanin sheet that envelopes a honeycombe-like air-filled space 

(Durrer and Villiger, 1970). The immersion images suggest, however, that the melanosomes are 

a mixture of two types, viz. rodlets and platelets (Figure 2.6d; from Durrer, 1977; Durrer, 1986), 

corresponding to the bars and doughnuts of Figure 2.6b,c. We note that the TEM images of Durrer 

and Villiger are not in conflict with the assumption of the presence of hollow rodlets (Durrer and 

Villiger, 1970), and in an extensive comparative study on the melanosomes of African starlings, 

Craig and Hartley stated that the melanin granules of Lamprotornis may be short and thick, or 

Figure 2.6. Anatomy and scatterometry of a barbule of L. nitens. (a) Transmission electron 
micrograph of a barbule cross section of the Superb starling, Lamprotornis superbus (from Durrer 
and Villiger, 1970). (b) (b) Epi-illumination micrographs of a blue barbule of L. nitens in oil 
immersion. (c) Epi-illumination micrographs of a green barbule of L. nitens in oil immersion. (d) 
Diagrams of the two types of hollow melanosomes encountered in Lamprotornis starlings (from 
Durrer, 1986). (e) Imaging scatterogram of a green barbule. Scale bars: (a) 5 µm, (b,c) 10 nm.
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slender and elongated (Craig and Hartley, 1985). Evolutionary transitions between rodlets and 

platelets have been recently suggested for starlings (Maia et al., 2013).

 Presumably, the single layer of melanosomes together with the keratin cortex will create 

a multilayer reflector. We tested this hypothesis again by mounting a blue feather piece in the 

imaging scatterometer. Narrow beam illumination of a small barbule area yielded a quite discrete 

spot, demonstrating that locally the barbule indeed approximates an ideal reflector (Figure 2.6e). 

Also, in this case, we often obtained scatterograms with more distributed patterns, indicating a 

varying flatness of the barbules’ multilayers.

Multilayer modelling

For the modelling of the reflectance spectra, we used the anatomical data of the feathers of 

the Lesser blue-eared glossy-starling, L. chloropterus, which is closely related to L. nitens and 

similarly coloured (Durrer and Villiger, 1970; Craig and Hartley, 1985; Maia et al., 2013). Figure 

2.7a presents a diagram of a barbule with cortex thickness c and hollow melanosomes, membrane 

thickness dm, air cavity thickness da, width Wm, separated from each other by a distance Wi. For 

the modelling we used dm = 70 nm and da = 85 nm (Durrer and Villiger, 1970). 

 We first investigated the effect on the reflectance of an incomplete filling of the 

melanosome layer. For our initial calculations we took for the cortex thickness c = 160 nm, 

and we assumed that the honeycomb of thin melanin membranes within the air cavities take up 

10 % of the volume, so that the inside air fraction is 0.9. When the keratin filling factor of the 

melanosome layer is g = 0, the melanosomes touch each other (or Wi = 0). With an increase of 

the filling factor to g = 0.1 and g = 0.2, the refractive index contrast of the melanosome layer 

increases, as shown in the refractive index profiles (Figure 2.7b). The calculated reflectance 

spectra show that this causes a decrease of the reflectance amplitude, but the peak wavelength 

remains virtually the same (Figure 2.6c). Subsequently, a change in the air cavity thickness from 

75 to 95 nm (the range reported for various Lamprotornis species; Durrer and Villiger, 1970), 

causes slight changes in both the amplitude and peak wavelength, but the reflectance spectra 

remain very similar (Figure 2.6d): for λmax = 75, 85, 95 nm, λmax = 472, 479, and 486 nm, 

respectively, i.e. a 10 nm increase of the air cavity thicknes causes a 7 nm peak wavelength 

shift. Modulating the melanosome membrane thickness dm and the melanin/air ratio inside the 

melanosomes also causes only minor spectral changes (not shown). 

 Changes in the cortex thickness again have a substantial effect on the reflectance spectra 
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(Figure 2.7e). For c = 140, 160 and 180 nm, the peak wavelength is λmax = 449, 480, and 511 nm, 

respectively, i.e., an increase of the cortex thickness by 20 nm causes a 31 nm peak wavelength 

shift. Figure 2.7f shows the related transmittance spectra, where the melanin absorption spectrum 

is still well recognisable as well as the reduced transmittance in the blue-green wavelength range 

due to the higher reflectance there.

Comparison of measured and modelled reflectance spectra

We measured reflectance spectra of the variously coloured feather barbules of L. nitens with a 

microspectrophotometer (MSP) on local areas of single barbule cells. Figure 2.8a,b show MSP 

spectra from single barbule cells of a blue and green feather, respectively. As in the case of 

the European starling, the shape of the different spectra is similar, but their spectral location 

slightly varies and even more their amplitudes. This will again be due to the local dependence 

of the barbule shape and multilayer dimensions. We compared two of the measured spectra with 

Figure 2.7. Effective-medium multilayer model of the L. nitens barbule anatomy. (a) Diagram 

of a barbule with cortex thickness c and hollow melanosomes with membrane thickness dm, air 

cavity thickness da, width Wm, separated from each other by a distance Wi. (b) Real and imaginary 
refractive index profiles following from (a); for parameter values, see text. (c) Reflectance spectra 
resulting for a few values of the keratin filling factor of the melanosome layer, g. (d) Reflectance 
spectra resulting for a few values of the air cavity thickness. (e) Reflectance spectra resulting for a 
few values of the cortex thickness. (f) Transmittance spectra corresponding to (e).
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spectra following from modelling. 

 Satisfactory fits were obtained for the tail feather barbules using a cortex thickness 

c = 135 nm and for the covert feather barbules c = 188 nm (Figure 2.8c). Nearly identical fits could 

also be obtained by changing the air cavity thickness and/or the melanin membrane thickness, 

but the necessary parameter variation was larger than the 53 nm change in cortex thickness and 

beyond the range reported in the literature (not shown).

 We furthermore measured reflectance spectra of the tail and covert feathers of L. nitens 

with a bifurcated-probe spectrophotometer (Figure 2.8d). The spectra are representative for the 

observed colours and closely resemble the averaged reflectance spectra of Figure 2.8a and 2.8b.

Figure 2.8. Reflectance spectra of feathers and barbules of L. nitens. (a) Spectra of a tail feather 
measured with a microspectrophotometer. (b) Spectra of a covert feather measured with a 
microspectrophotometer. (c) An MSP spectrum of (a) compared with a modelled spectrum for a 
barbule with cortex thickness c = 135 nm (blue) and an MSP spectrum of (b) compared with a 
modelled spectrum for a barbule with cortex thickness c = 188 nm (green). (d) Spectra of a tail 
(blue) and covert (green) feather measured with a bifurcated probe.
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Discussion 

With the experiments reported in this chapter we performed a comparative study that combines 

optical modelling and direct optical measurements on starling barbules with a single layer of 

melanosomes. The experimentally obtained reflectance spectra could be interpreted well with 

effective-medium multilayer modelling (Figurefigures. 2.4c, 2.8c). In the modelling, we treated 

the barbules as containing a cortex with a single melanosome layer. However, we neglected the 

randomly located melanosomes in the barbule interior, which will contribute to the reflectance 

by scattering the light transmitted by the cortex-melanosome layers, and we also neglected the 

reflecting melanosome layer and cortex at the barbule’s underside. Previous studies on mallard 

and magpie feathers, which have barbules with several layers of melanosomes on both sides of 

the barbules, demonstrated that the upper stack fully determines the barbule reflectance (Stavenga 

et al., 2017; Stavenga et al., 2018). As the situation could be different with only one layer of 

melanosomes, we calculated both the reflectance and the transmittance of the upper melanosome 

layer (Figure 2.3, 2.7). The calculations show that already a single melanosome layer considerably 

reduces the transmittance throughout the visible wavelength range. The melanosomes of the 

barbule interior will somewhat enhance the reflectance in the longer wavelength range but also 

further reduce the transmittance so that the contribution to the total reflectance by the underside 

of the barbule will be very moderate. In other words, also with a monolayer of melanosomes near 

the barbule boundary the reflectance is virtually fully set by the layer on the illuminated side.

 In a thin-film modelling study on blue-black grassquit feather barbules, where a keratin 

layer overlies a single melanin layer, Maia et al. (2009) concluded that both the keratin and 

the melanin layers determine the reflectance spectrum. Furthermore, a study on tree swallow 

barbules indicated that humidity-induced reflectance changes resulted from a modified cortex 

thickness (Eliason and Shawkey, 2010). Also, in a comparative study on a large number of 

bird species with matte and glossy plumage, Maia and colleagues emphasized the role of the 

keratin layer when the feather barbules have a single layer of melanosomes. Using thin film 

modelling, the authors concluded that a keratinous cortex thickness of 110-180 nm together 

with a melanosome layer with thickness greater than 115 nm causes glossy feathers (Maia et al., 

2011). In these previous studies on bird feather colouration, the refractive indices of keratin and 

melanin were assumed to be wavelength-independent, and the used refractive index of melanin 

was very high. 
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 In the study presented here, we implemented the recently measured refractive index 

values of the different feather components as a function of wavelength (Leertouwer et al., 2011; 

Stavenga et al., 2015). We thus found that the keratin cortex acts as an effective thin-film reflector, 

with the single melanin layer functioning as a distinct optical boundary. Hence, for the location 

of the spectral bands, the thickness of the cortex is the determining factor (Figure 2.3k, 2.7e), 

especially in the S. vulgaris. The difference between the refractive indices of the keratin and 

melanin, i.e. the refractive index contrast, should make a difference, but increasing the melanin 

refractive index of the S. vulgaris melanosome rodlets yields a negligible spectral shift, and 

only a moderate increase of the reflectance amplitude results, similar as in the calculations of 

Figure 2.3b,e (not shown). A considerably more effective refractive index contrast is created 

by the air compartments in the hollow melanosomes of L. nitens, which hence realise a much 

higher barbule reflectance than that of S. vulgaris. Presumably, the intensely glossy appearance 

is the driving factor for L. nitens to have hollow melanosomes. Whereas the exact dimensions 

of the melanosomes are of secondary relevance (Figure 2.7c,d), the keratin cortex again most 

dominantly determines the location of the spectral peaks (Figure 2.7e).

 Our measurements as well as modelling were only performed for normally incident 

light. The multilayer structure of the feathers causes iridescence, i.e. the feather colours depend 

on the angle of illumination or observation. The angle-dependent behaviour of multilayers is 

well-known, and the hypsochromic shift of the reflectance spectra with increasing angle of light 

incidence is amply shown in related papers (see e.g. Eliason and Shawkey, 2012; Stavenga, 2014; 

Xiao et al., 2014). Whereas S. vulgaris has iridescent feathers containing solid melanosomes 

in a small part of the modestly shiny plumage, L. nitens has in most feathers barbules with 

hollow melanosomes, causing its strikingly glossy plumage. Because of the irregular shape of 

the barbules, it is however questionable whether the iridescence will play an important role in 

visual signaling.

 The plumage colouration can have various biological functions, for instance as a display 

for conspecifics or as camouflage against predators. Whereas the plumage of the European 

starling is modestly coloured and speckled, the plumage of the Cape starling is virtually 

uniformly coloured and strikingly glossy. It is interesting to compare the starling colours with the 

spectral sensitivities of their photoreceptors. The four classes of photoreceptors of S. vulgaris, 

UVS, SWS, MWS and LWS, are known to have sensitivity peak wavelengths 369, 453, 545, 

and 607 nm, respectively (Hart and Vorobyev, 2005). The reflectance spectra of the blue and 
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green feathers of the Cape starling (Figure 2.8d) correspond to the sensitivity spectra of the 

SWS and MWS photoreceptors, but a similar correspondence is not immediately apparent for 

the European starling feathers. In fact, the spectra of Figure 2.4d are two examples of a broad 

continuum, as can also be seen from the variously coloured feathers of the starling featuring in 

Figure 2.1a.

 The starlings, Sturnidae, constitute a large family of passerine birds that have structural-

coloured feathers, employing a remarkably wide variety of melanosomes that are arranged 

in diverse ways. This includes solid and hollow rodlets as well as solid and hollow platelets, 

which are mostly arranged in a single layer but also in a multilayer stack (Durrer and Villiger, 

1970; Craig and Hartley, 1985; Maia et al., 2013). In the case of a large stack of melanosomes, 

the stack periodicity is responsible for the peak wavelength and the shape of the reflectance 

spectra (Eliason et al., 2013). Durrer and Villiger (1970) assumed that a single melanosome layer 

determines the feather colour, but we find that the cortex thickness is the determinant factor. 

 Even in the presence of a large stack of melanosomes, the keratin cortex can play a special 

role. This is for instance the case in the breast feathers of the bird of paradise Parotia lawesii. 

Their barbules contain a multilayer of solid melanin rodlets that creates a golden reflection. 

The layers are arranged skew to the enveloping cortex, however, and as a consequence the light 

beams reflected by the cortex and the multilayer become separated. For the light reflected by 

the cortex, the melanin rodlets then act together as a high refractive index medium as well as 

a strong absorber, and thus also here the cortex acts as an independent blue-reflecting thin film 

(Stavenga et al., 2011; Wilts et al., 2014). Furthermore, in hummingbird feathers, where the 

barbules have large stacks of hollow platelet melanosomes, the cortex appears to importantly 

modulate the feather reflectance spectra (Eliason et al., 2020). This also happens in peacock tail 

feather barbules (Freyer and Stavenga, 2020).

 In conclusion, the two bird species, with a single layer of melanosomes in their 

feather barbules that were the object of the investigation reported here, demonstrate that the 

spectral position of the reflectance bands depends most strongly on the cortex thickness. In both 

studied species, the variously coloured feathers appeared to have an identical arrangement of 

melanosomes, but the feather colour is simply tuned by adjusting the cortex thickness. The wide 

variety of arrangements of solid or hollow melanosomes, embedded in the keratin matrix of 

bird feather barbules, demonstrates the large flexibility birds have in realizing their subdued or 

extravagant structural colours.
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Chapter 3

Reflections  
on iridescent neck and breast feathers  

of the peacock, Pavo cristatus

Abstract

The blue neck and breast feathers of the peacock are structurally coloured due to an intricate 

photonic crystal structure in the barbules consisting of a two-dimensionally-ordered 

rectangular lattice of melanosomes (melanin rodlets) and air channels embedded in a keratin 

matrix. This chapter describes the investigation of the feather colouration by performing 

microspectrophotometry, imaging scatterometry and angle-dependent reflectance measurements. 

Using previously determined wavelength-dependent refractive indices of melanin and keratin, 

we interpreted the spectral and spatial reflection characteristics by comparing the measured 

spectra to calculated spectra by effective-medium multilayer and full 3-D finite-difference time-

domain modelling. Both modelling methods yielded similar reflectance spectra indicating that 

simple multilayer modelling is adequate for a direct understanding of the brilliant colouration 

of peacock feathers.

Published as: Freyer, P., Wilts, B. D. and Stavenga, D. G. (2019). Reflections on 
iridescent neck and breast feathers of the peacock, Pavo cristatus. J. R. Soc. Interface 
Focus 9, 20180043.
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Introduction

An iconic example of structural colouration in birds is the male peafowl. While the neck and 

breast feathers display a striking blue colour, the tail feathers have brilliant multi-coloured 

eye-like patterns. Durrer (Durrer, 1962) demonstrated in his fundamental anatomical study on 

the peacock, Pavo cristatus, that the structural colours of the feather barbules are created by 

complex photonic structures that consist of a two-dimensionally-ordered rectangular lattice of 

melanosomes (melanin rodlets) and air channels embedded in a keratin matrix (Jiang et al., 

2018; Kinoshita, 2008). Treating the different melanosome lattices in the barbules as periodic 

one-dimensionally-ordered multilayers, Durrer calculated reflectance peak wavelengths that 

agreed well with the observed colours (Durrer, 1962; Durrer, 1965).

 More recently, Yoshioka and Kinoshita (Yoshioka and Kinoshita, 2002) measured 

reflectance spectra of the blue neck feathers as well as the yellow tail covert feathers and modelled 

the angle dependence of the spectra with a scalar field approximation. Furthermore, Zi and co-

workers (Zi et al., 2003) studied various coloured barbules in the eye pattern of the tail feathers 

of a male green peafowl (Pavo muticus). Using a plane-wave expansion method, they calculated 

the photonic band structure of the 2-D photonic crystal and also applied a transfer matrix method 

to compute reflectance spectra, thus demonstrating that the reflectance characteristics depend on 

the architecture of the melanosome and air channel stack.

 Structural colouration of bird feathers is widespread and is caused by a variety of optical 

mechanisms (Prum, 2006). For instance, simple thin films create green and purple colours in 

pigeon neck feathers (McGraw, 2004; Nakamura et al., 2008); multilayer stacks consisting of 

planar arranged melanosomes in a keratin matrix create the brilliant-reflecting neck and breast 

feathers of the bird of paradise, Lawes parotia (Stavenga et al., 2011a; Wilts et al., 2014), as 

well as the shiny feathers of the common bronzewing, Phaps cholcoptera (Xiao et al., 2014); 

layers of hollow cylindrical melanosomes colour the feathers of starling (Durrer and Villiger, 

1970; Maia et al., 2013), turkey (Eliason et al., 2013) and magpie (Stavenga et al., 2018); and 

stacks of air-filled melanosome platelets cause the extremely iridescent colours of the feathers 

of several hummingbird species (Durrer, 1977; Greenewalt et al., 1960). Compared to other 

iridescent bird feathers, the stacked structure of interlaced solid melanin rodlets and air channels 

in a rectangular lattice appears to be a unique feature of peacocks, and it is arguably one of the 

most sophisticated biophotonic crystal structures that ever evolved in birds.
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 Although important progress has been made in the understanding of peacock colouration, 

how and to which extent the different parameters contribute to the resulting reflectance spectrum 

has hardly been explored. In the study presented here we focused on the peacock’s blue neck and 

breast feathers as they are particularly prominent in the peacock’s structural colouration display 

and show a characteristic colour gradient that has often been treated as separated blue and green 

colours (Jiang et al., 2018; Zi et al., 2003). To understand the origin of these colours, we performed 

microspectrophotometry, polarisation- and angle-dependent reflectance measurements, and 

imaging scatterometry. We compared the obtained experimental data with spectra calculated by 

effective-medium multilayer (EMM) and finite-difference time-domain (FDTD) modelling, thus 

enhancing our understanding of how the nanostructure causes the feathers’ optical properties.

Material and Methods

Peacock feathers

Blue feathers of the neck and breast of the male peacock, Pavo cristatus, were collected at 

a children’s farm in Groningen (The Netherlands) and were additionally purchased from a 

commercial supplier (moonlightfeather.com).

Photography

Photomacrographs of the feathers were made with a Canon EOS 30D camera. Micrographs were 

collected with an Olympus SZX16 stereomicroscope (Olympus, Tokyo, Japan), equipped with a 

Kappa DX-40 digital camera (Kappa Optronics, Gleichen, Germany), and we also used a Zeiss 

Universal microscope (Zeiss AG, Oberkochen, Germany) fitted with an Olympus SC30 camera.

Spectrophotometry

Reflectance spectra were measured with a microspectrophotometer (MSP) consisting of an 

ultraviolet-visible CCD detector array spectrometer (AvaSpec-2048; Avantes, Apeldoorn, 

Netherlands) attached to a Leitz Ortholux microscope with an Olympus 20x, NA 0.46 objective 

and a xenon illuminator. The barbules appeared to be about specular-reflecting, and because the 

reference was a diffuse white reflectance tile (Avantes WS-2), the MSP reflectance signals were 

scaled to the modelled peak intensity. The angle- and polarisation-dependence of the feather 

reflectance spectra were measured with an angle-dependent reflectance measurement (ARM) 
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setup, consisting of two optical fibres, equipped with a focusing lens, mounted on two co-axial 

goniometers. The two fibre tips rotated in the same plane and the sample was located at the 

goniometer’s rotation axis. The first fibre focused the light from a xenon lamp onto the sample. 

Part of the light reflected from the object entered the second fibre through a rotation-adjustable 

polarisation filter. The second fibre then guided the light to the CCD detector array spectrometer. 

Imaging scatterometry (ISM)

For investigating the spatial reflection characteristics of the scales, we performed imaging 

scatterometry (Stavenga et al., 2009; Vukusic and Stavenga, 2009; Wilts et al., 2009). An isolated 

barbule was attached to a glass micropipette and then positioned at the first focal point of the 

ellipsoidal mirror of the imaging scatterometer. Small-aperture scatterograms were obtained by 

focusing a white light beam with aperture < 5º onto a small circular area (diameter ~13 µm) 

and monitoring the spatial distribution of the far-field scattered light. Hemispherical, white 

light illumination (aperture 90°) was applied to visualize the angle dependence of the barbule 

reflections. The polarisation-dependence was studied by inserting a linear polariser into the light 

source. The exposure times of the scatterograms were appropriately adjusted so as to obtain an 

image with good contrast but without overexposure. 

Anatomy

Durrer was the first to show that the photonic structures that are responsible for the distinct blue 

colouration consist of a stack of parallel melanin rodlets (melanosomes) and air channels, which 

are embedded in a keratin matrix (Durrer, 1962; Durrer, 1965; Durrer, 1977). We used anatomical 

data from the transmission electron micrographs of breast feathers that were studied by Yoshioka 

and Kinoshita (Yoshioka and Kinoshita, 2002). The derived parameters (and also those used by 

Zi et al. in their study on Pavo muticus (Zi et al., 2003)) fall into the statistical variation given 

by Durrer and Jiang et al. (Durrer, 1965; Jiang et al., 2018). The cortex thickness (parameter c 

in Figure 3.3) has not been treated explicitly in the literature; we have chosen the value c = 110 

nm based on the mean cortex thickness found in the blue-violet barbules of Afropavo congensis 

(Durrer and Villiger, 1975).
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Effective-Medium Multilayer (EMM) and Finite-Difference Time-Domain (FDTD) modelling

We calculated the reflectance, transmittance and absorbance of model barbules using 

parameter values derived from published data (Durrer, 1965; Jiang et al., 2018; Yoshioka and 

Kinoshita, 2002) together with previously determined complex refractive indices ñ = n – ik 

(Leertouwer et al., 2011; Stavenga et al., 2015). The real part of the wavelength-dependent 

refractive indices of keratin and melanin, nk and nm, was calculated with the Cauchy formula 

n = A + Bλ-2 (λ is the light wavelength), using for keratin Ak = 1.532 and Bk = 5,890 nm2 and for  

melanin Am = 1.648, Bm = 23,700 nm2; the imaginary component of the refractive index  

of keratin was assumed to be negligible in the wavelength range of interest, but that of melanin 

was taken to be km = am exp(-λ/bm), with am = 0.56, and bm = 270 nm (Leertouwer et al., 

2011;Stavenga et al., 2015); the refractive index of the air channels was taken to be na = 1. We 

implemented these values in a transfer matrix program based on classical optical multilayer 

theory, written in Matlab (Stavenga, 2014). We sliced the melanosome and air channel stack into 

1 nm thin layers and calculated the volume fractions of the components keratin, melanin, and air, 

fk, fm, and fa, of each layer, with fk + fm + fa = 1. The effective refractive index of each 1 nm layer 

was then calculated with the volume fractions of the components:

 ñeff = (fknk

w + fmñm

w + fana

w) 1/w     (3.1),

where the weighting factor w depends on whether the incident light was polarised parallel 

(TE: Transverse Electric) or perpendicular (TM: Transverse Magnetic) to the melanin rodlets 

and air channels (see inset Figure 3.4c). Effective-medium theory predicts for TE- and 

TM-polarised light weighting factors wTE = 2 and wTM = -2 (Bräuer and Bryngdahl, 1994; 

Halir et al., 2015; Lucarini et al., 2005). This effective-medium multilayer (EMM) model 

considerably simplifies the complex photonic structure of the peacock barbules, and therefore 

we compared the spectral results with those following from more rigorous finite-difference 

time-domain (FDTD) modelling, which enables the detailed simulation of the light flux in any 

complex-structured material with arbitrary refractive index and spatial arrangement. We used 

Lumerical FDTD solutions 8.18, a commercial-grade Maxwell equation solver. Simulations 

were performed in a simulation volume of ~3x3x5 µm3. In a previous study on magpie feathers 

(Stavenga et al., 2018) that are structural coloured by photonic stacks of hollow melanosomes, 

EMM calculations were found to correspond well with results from FDTD modelling when 
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using slightly modified weighting factors. In the study presented here, we similarly found that 

the spectra obtained with EMM- and FDTD-modelling agreed well with adjusted weighting 

factors: wTE = 2.5 and wTM = -1.5.

Figure 3.1. Brilliant colouration of peacock feathers. (a) The prominent blue neck and breast. (b) 
An isolated feather displays distally an iridescent blue colour, turning green towards the proximal 
pigment-based brown colour. (c) Close-up of a distal barb showing that the blue colour resides 
in the barbules. (d) Epi-illumination photograph of a distal barbule (arrow in panel b) showing 
the linear array of single, blue reflecting cells. (e) The same barbule photographed in transmitted 
light. (f) Epi-illumination photograph of a proximal barbule (arrow head in panel b) with light-
brown reflecting/scattering cells. (g) The same barbule photographed in transmitted light, showing 
distinguishable cell nuclei. Scale bars: (b) 1 cm, (c) 200 µm, (d-g) 50 µm.
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Results

The blue-coloured feathers of the peacock

The neck and breast of the male peafowl are covered with brilliant-blue coloured feathers 

(Figure 3.1a). The feathers are not uniformly blue, however. Isolating a single feather revealed 

that the barbules have a prominent blue colour at the distal side of the barbs (Figure 3.1b, arrow). 

Towards the middle of the barbs, which in situ is covered by overlapping feathers, the colour 

turns gradually to green, and at the in situ fully hidden proximal side the barbules are brown 

(Figure 3.1b, arrow head).

 The barbules consist of a single row of cells that are saddle-shaped (cell length 10-

30 µm, width 30-50 µm; Figure 3.1c-g). Epi-illumination of the distal barbules shows that the 

colour of the cells is a rather uniform blue, but locally slight variations occur (Figure 3.1d). 

Very differently, in transmitted light the barbules appear red-brown (Figure 3.1e), characteristic 

for the presence of a high concentration of melanin pigment. This immediately demonstrates 

that the blue colour of the reflected and back-scattered light must have a structural origin. 

Quite differently, the proximal barbules appear faint brown under epi-illumination as well as 

in transmitted light, which indicates a very low melanin content and the absence of an ordered 

structure (Figure 3.1f,g).

Iridescence of the blue feather: angle-dependent reflectance spectra

We investigated the spatial reflection properties of the blue barbules by performing imaging 

scatterometry (ISM). A small-aperture illumination produced a locally restricted, bright blue 

spot (Figure 3.2a), characteristic for approximately specular objects (Stavenga et al., 2009; 

Wilts et al., 2014). Because the angle-dependent reflection properties of specular objects can 

be directly visualized by ISM (Wilts et al., 2012), we applied a hemispherical, linear-polarised, 

white-light beam. This created a scatterogram with colours changing from cyan-blue to violet 

with increasing angle of incidence (Figure 3.2b). With light polarised parallel to the plane of 

incidence, the reflectance was minimal for an angle of incidence and reflection of 60-70º (black 

areas at 12 and 6 o’clock in Figure 3.2b). 

 To analyse the spatial and spectral characteristics of the reflected light in more detail 

we performed angle-dependent reflectance measurements (ARM; Figure 3.2c,d). For TE-

polarised light, the peak amplitude of the reflectance spectra increased with increasing angle 
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of light incidence; for TM-polarised light the reflectance peak amplitude decreased up to an 

angle of incidence of ~60º, and it increased again for larger incidence and reflection angles 

(Figure 3.2c,d), similar to the reflection properties of optical multilayers (Stavenga et al., 2011b; 

Stavenga et al., 2017). 

Figure 3.2. Imaging scatterometry and angle-resolved reflectance spectra of a distal part of a 
peacock neck feather. (a) Scatterogram of a single barbule cell illuminated by a narrow-aperture, 
unpolarised-light beam (indicated by the white dot). (b) Scatterogram of a few barbule cells 
illuminated with a hemispherical, wide-aperture beam. The beam was vertically polarised 
(indicated by the up-down arrow), parallel to the barbule; the black bar at 9 o’clock is due to 
the shadow of the glass micropipette holding the barb. (c) Reflectance spectra for TE-polarised 
light as a function of the angle of light incidence (varying from 0º to 70º). (d) Reflectance spectra 
for TM-polarised light as a function of the angle of light incidence. The plane of incidence was 
parallel to the feather’s rachis.
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Origin of the blue colour: barbule anatomy and spectral modelling

To quantitatively understand the reflection properties of the blue peacock feathers, we performed 

optical modelling using published anatomical data (Durrer, 1965; Jiang et al., 2018; Yoshioka 

and Kinoshita, 2002). The black dots in the transmission electron micrograph of Figure 3.3a 

represent melanosomes, rodlets with a high melanin content, with diameter ~120 nm and 

length ~1 µm, which are arranged in a rectangular lattice. Air channels, diameter ~75 nm, are 

interspersed within this lattice (Figure 3.3a,b). The melanin rodlets and air channels are aligned 

along the barbule’s longitudinal axis and are embedded in a keratin matrix, thus effectively 

forming a ~2 µm thick photonic stack of 5-12 layers parallel to the cell surface. The barbule cells 

(total thickness ~10 µm), contain two roughly identical photonic stacks pressed against the upper 

and lower surface, respectively. In the barbule core of ~6 µm thickness, the melanosomes and air 

cavities are randomly arranged.

 Figure 3.3c is an idealized diagram of the photonic stack, and the inset of Figure 3.4a 

shows a diagram of the full anatomy of the barbule, which we used in modelling the barbule 

reflectance spectra. We assumed a model barbule, thickness 10 µm, with on both sides the 

same photonic structure, where a keratin cortex layer, thickness c = 110 nm, covered a stack of 

Figure 3.3. Anatomy of peacock feather barbules. (a) Cross sectional TEM image of a blue-green 
barbule cell of a peacock tail feather (from (Durrer, 1965)); scale bar: 0.5 µm. (b) Diagram of the 
barbule’s structure (from (Durrer, 1965)). (c) Idealized schematic of the lattice of melanosomes 
and air channels, with a and b the transversal and lateral distance of the melanosomes, c the 

thickness of the keratin cortex, and Dm and Da the diameter of the melanosomes and air channels.

b c
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a
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Nm = 12 layers of melanosomes interspersed with Na = 11 air channel layers. For the melanosomes, 

diameter Dm = 120 nm, we considered a few different values of the transversal lattice parameter a  

(see below); the lateral lattice parameter was taken to be b = 150 nm, and the diameter of the 

air channels was Da = 75 nm (Figure 3.3c). The space between the two melanosome stacks was 

filled with keratin only (Figure 3.4a). The anatomical parameters together with the previously 

determined refractive indices of keratin and melanin yielded the real and imaginary parts of 

the effective refractive index profile as a function of the distance from the barbule cell surface 

and as a function of wavelength (see Material and Methods above). We used weighting factors 

2.5 and -1.5 for TE- and TM-polarised light, with TE-light polarised parallel and TM-light 

polarised perpendicular to the melanosome longitudinal axis (Figure 3.4c, inset). Figure 3.4a 

shows the effective refractive index profiles resulting for TE- and TM-polarised light at 500 nm.

Figure 3.4. Modelling the reflectance spectra of the blue barbules for normally incident light. (a) 
Real and imaginary effective refractive index profiles (at 500 nm) of the model barbule (inset). 
(b) Reflectance spectra for TE-polarised light calculated for half the model barbule using the 
EMM and FDTD methods. (c) Reflectance spectra for TM-polarised light calculated for the same 
model barbule. Inset: TE-light is polarised parallel and TM-light perpendicular to the melanosome 
longitudinal axis.
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 We implemented the effective refractive index profiles in a transfer matrix program for 

optical multilayers (Stavenga, 2014) to calculate the reflectance spectra for normally incident 

light (Figure 3.4b,c). Figure 3.5a,b shows the dependence of the reflectance on cortex thickness 

(c) and number of layers (Nm). We first calculated reflectance spectra for the complete barbule, 

which has two photonic stacks. The reflectance spectra calculated for the intact barbule are marked 

by small period oscillations with small amplitude, caused by interference effects of the whole 

barbule acting as a thin film (Figure 3.6, full). These effects are not observed experimentally, 

which must be attributed to the randomness of the melanosomes and air channels in the core as 

well as the irregularities in the thickness of real barbules as we will discuss below. 

 We also calculated the reflectance spectra for half a barbule with a single stack (Figure 

3.6, half). This demonstrated that the reflectance is essentially determined by a single stack of 

melanosome-air-channels, for which the spectra are shown in Figure 3.4b,c (EMM). We thus 

performed further modelling of reflectance spectra only with a single, upper photonic stack, 

neglecting the reflections on the lower stack and the lower barbule surface. As a control, we 

performed FDTD modelling for the 2-D photonic crystal structure, using the same model 

Figure 3.5. Multilayer modelling of reflectance 
spectra for normally incident light. (a) Varying 
the thickness of the keratin cortex layer, c, 
from 70 to 130 nm. (b) Varying the number 

of melanosome and air-channel layers, Nm, 
from 4 to 12. The remaining parameters for the 
calculations have been kept constant. Besides 
the abovementioned variation, we chose for 
the transversal and lateral distance of the 
melanosomes, a = 160 nm and b = 150 nm, for 
the thickness of the keratin cortex, c = 110 nm, 
for the diameter of the melanosomes and air 

channels, Dm = 120 nm and Da = 75 nm, and 
for the number of melanosome and air-channel 

layers, Nm = 8 and Na = 7.
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parameters. The resulting spectra (Figure 3.4b,c, FDTD) were found to correspond closely to 

the EMM spectra, indicating the validity of the EMM approach. Because the latter approach is 

considerably simpler than FDTD modelling, we interpreted our subsequent experimental studies 

with EMM modelling.

Comparing experiments and modelling 

To further validate the modelling results, we measured the reflectance and absorbance spectra of 

barbule cells with a microspectrophotometer (MSP) applying unpolarised light. The reflectance 

spectra of the different colour regions indicated in Figure 3.1b are marked by a prominent 

band with peak wavelength ranging between ~420 nm distally (blue; Figure 3.7a, dist exp) and 

~540 nm medially (green; Figure 3.7a, med exp). The light-brown proximal barbules have a low 

broad-band reflectance spectrum without a prominent peak (not shown).

 The measured spectra could be well understood with EMM modelling by adjusting 

the transversal lattice parameter, a. The dotted model spectra of Figure 3.7a were obtained by 

choosing for the blue distal barbules a = 142 nm and for the green medial barbules a = 182 nm; 

to account for unpolarised light, the spectra calculated for TE- and TM-polarised light were 

averaged.

 The absorbance spectrum of a barbule in air showed a decreasing absorbance with 

increasing wavelength, characteristic for melanin, but also had a shallow hump in the blue 

Figure 3.6. Reflectance spectra of a full barbule vs half a barbule calculated by EMM modelling. 
(a) Reflectance for normally incident, TE-polarised light. (b) Reflectance for normally incident, 
TM-polarised light.
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wavelength range (Figure 3.7b, air exp). The absorbance spectrum calculated for a complete 

barbule, with the two photonic stacks, using a = 170 nm, had a much larger hump (Figure 3.7b, air 

model). As the difference between the measured and calculated spectra might be due to scattering 

created by structural irregularities, we performed measurements on barbules immersed in water. 

This yielded absorbance spectra with a bathochromic-shifted hump (Figure 3.7b, water exp). 

To understand the spectral shift, we modelled two cases, namely (1) where only the air medium 

outside the barbule was changed into water (Figure 3.7b, water model 1), and (2) where also 

the air channels were filled with water (Figure 3.7b, water model 2). The absorbance spectra 

for an intact barbule with as the outside medium either air or water are hardly distinguishable, 

but the absorbance spectrum for a barbule with air channels filled by water has a reduced hump, 

shifted to longer wavelengths (Figure 3.7b). As a similar shift was observed experimentally, 

this indicates that upon water immersion the air channels take up water. We also calculated the 

reflectance spectra for the three cases, which similarly showed a very slight spectral change 

Figure 3.7. Reflectance and absorbance spectra 
of peacock neck feather barbules measured with a 
microspectrophotometer and calculated by EMM 
modelling. (a) Reflectance spectra measured at 
the distal (blue and green) regions, scaled by 
setup-specific factor, and modelled spectra. (b) 
Absorbance spectra measured at the distal region 
in air and immersed in water, and modelled 
spectra for a barbule in air and water, where (1) 
the water was assumed to be only present outside 
the barbule, and (2) the air channels were also 
assumed to be filled with water. (c) Reflectance 
spectra of the three model cases of panel b.
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when changing the outside air medium with water and a much severe spectral shift when filling 

the air channels with water (Figure 3.7c, air vs water model 1 and 2).

 The measured angle-dependent reflectance spectra for TE- and TM-polarised light had 

a characteristic spectral trend (Figure 3.2c,d). We investigated this further by EMM modelling, 

using the same barbule parameters as in Figure 3.4. In agreement with Figure 3.2c,d, the peak 

wavelength of the calculated reflectance spectra for TE- and TM-polarised light shifted to shorter 

wavelengths with increasing angle of incidence, while the amplitude of the reflectance spectra 

increased for TE- and decreased for TM-polarised light (Figure 3.8a,b). With identical model 

parameters, FDTD modelling produced reflectance spectra with only slightly different peak 

wavelengths and peak reflectances (Figure 3.8c,d).

Figure 3.8. Modelled angle-dependent reflection characteristics of a melanosome-air channel 
stack. (a) Reflectance spectra of the photonic structure of Figure 4 for TE-polarised light 
calculated with the EMM-method. (b) Idem for TM-polarised light. (c) Peak wavelength of the 
reflectance spectra for TE- and TM-polarised light as a function of the angle of light incidence 
calculated with the EMM- as well as the FDTD-method. (d) Peak reflectance of the calculated 
spectra.

(a)

(c) (d)
wavelength (nm) wavelength (nm)

0 20 40 60
350

400

450

p
ea

k
w

av
el

en
g

th
(n

m
)

angle (°)

        EMM    FDTD    
TE   
TM  

400 500 600 700

0
o

20
o

40
o

60
o

(b)

300
0.0

0.2

0.4

0.6 TM

re
fl

ec
ta

n
ce

 
300 400 500 600 700

0.0

0.2

0.4

0.6 TE
re

fl
ec

ta
n

ce

     
     

0 20 40 60
0.0

0.2

0.4

0.6

p
ea

k
re

fl
ec

ta
n

ce

angle (°)

        EMM    FDTD    
TE   
TM  



5959

Reflections on iridescent neck and breast feathers of the peacock

Effects of size disorder

In the FDTD modeling described above, we assumed a perfectly ordered square lattice of 

identically sized elements, neglecting the clearly present disorder in the melanosome-air-channel 

stack. We therefore studied the effect of size disorder in the melanosome rodlets and the air 

channels by varying the rodlet diameter (Dm) and the air channel diameter (Da). For this, we added 

a random maximal displacement to the diameter of each element (i.e. σmΛ for melanosomes 

and σaΛ for air channels, with Λ being a randomly negative or positive number between 

-1 and 1). The resulting reflectance spectra (normal angle illumination) were all very similar 

(Figure 3.9a,b). Even a significant disorder with a maximal variation of 30 % in the melanin 

rodlets and air channels resulted in a peak reflectance change less than 10 % (Figure 3.9c).  

Clearly, the photonic structure of the peacock feather is surprisingly robust to size disorder.

Figure 3.9. Reflectance spectra of the 2D 
photonic structures of peacock barbules 
dependent on size disorder calculated with 
the FDTD method. (a) The size of the 
melanosomes was varied randomly with 
a different amount of maximal change 

(σm), keeping the air channel size constant. 
(b) The size of the air channels was 
varied randomly with a different amount 

of maximal change (σa), keeping the 
melanosome size constant. (c) The effect 
of disorder when varying both diameters 
randomly up to a maximum variation of 
30%.
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Discussion

The blue peacock feathers contain regular layers of melanosomes and air channels with 

dimensions and interdistances of the melanosomes and air channels much smaller than the 

wavelength of visible light. Anatomy shows that the arrays of melanosome and air channels 

distinctly deviate from ideal, crystalline structures (Durrer, 1965; Jiang et al., 2018), and the 

somewhat different colours within each barbule cell (Figure 3.1c) demonstrate that the photonic 

structures vary locally. The measured reflectance spectra are therefore local averages, even when 

obtained with the MSP from areas with a diameter as small as 5-10 µm; see also (Stavenga et al., 

2011b; Stavenga et al., 2017). 

 The measured reflectance spectra appear to be fully determined by the photonic 

melanosome-air-channel stack at the side of light incidence. However, the absorbance spectra 

are due to both stacks and will be affected more strongly by the irregular arranged melanosomes 

in the barbule centre. As the peak values of the measured absorbance spectra in the blue-green 

wavelength range are often > 2, even small background signals on the order of 1% or less will 

gravely distort the experimental transmittance measurements and thus the resulting absorbance 

spectra. Therefore, background scattering will readily cause discrepancies between experimental 

and modelled absorbance spectra (Figure 3.7b).

 To explain the measured spectra, we used an effective-medium multilayer (EMM) 

model to calculate the reflectance and absorbance spectra of the barbules for both TE- and TM-

polarised light. As a control, we performed spectral calculations for the same structure using 

the FDTD method, which takes full account of the detailed spatial organisation of the photonic 

structure (Stavenga et al., 2017; Wilts et al., 2014). When using proper weighting factors in 

the effective refractive index approximation, the two approaches yielded closely corresponding 

results (Figure 3.8c,d), in agreement with (Stavenga et al., 2017; Stavenga et al., 2018). 

 However, it is important to realise that several anatomical and geometrical factors affect 

the macroscopic reflectance measurements. The structural colouration of the feather is essentially 

caused by the nanoscopic arrangement of the barbule components, i.e. the melanosomes, the air 

channels and the keratin cortex layer. Especially the latter has so far not been described, although 

it has the ability to substantially change the shape of the primary reflectance band (Figure 3.5a). 

Reducing the number of melanosome and air layers on the other hand causes peak-broadening 

and reduction of the peak reflectance (Figure 3.5b). Disorder in the components of the photonic 
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crystal will cause a decoherence (phase randomisation) of the reflected light and thus reduced 

peak intensities (Figure 3.9).

 Several other important factors at the more macroscopic level will contribute to the 

actual feather colour as well. The barbule surface is not flat but rather saddle-shaped and the 

barbule thickness is not uniform. Accordingly, the layers of melanosomes and air channels 

are not parallel everywhere so that incident light is reflected into a slightly distributed angle 

(Figure 3.2a). The intensity of the reflected light also depends on the macroscopic arrangement 

of the feathers and their barbules. Although the barbs and barbules of the peacock breast and 

neck feathers are closely spaced, they do not fully cover the feather surface (Figure 3.1b,c). 

Furthermore, the barbule cell colour can vary along one and the same barb (Figure 3.1b).

 Since the 1-D ordered EMM model yielded nearly the same results as the 2-D ordered 

FDTD model, even at large angles of incidence, we conclude that the reflection characteristics 

of the blue feathers of the peacock can be understood to be essentially generated by a multilayer 

with a varying refractive index profile. The same conclusion was reached in related studies on 

structural coloured feathers with barbules containing stacks of melanosomes (Stavenga et al., 

2015; Stavenga et al., 2018; Xiao et al., 2014). 

 Whereas the neck and breast feathers of the peacock body are about uniformly blue, 

the tail feathers have richly coloured eye-like patterns, where the various colours are caused by 

subtle modifications in anatomical composition of the barbules’ photonic structures. In chapter 

4 we shall show that also the tail feather colours can indeed be well understood with effective-

medium multilayer modelling (Freyer and Stavenga, 2020).
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Chapter 4

Biophotonics of diversely coloured 
peacock tail feathers

Abstract 

Peacock feathers feature a rich gamut of colours, created by a most sophisticated structural 

colouration mechanism. The feather barbules contain biophotonic structures consisting of 

two-dimensionally-ordered lattices of cylindrical melanosomes and air channels embedded in 

keratin. In this chapter, we report how we studied the reflectance characteristics of the various 

peacock tail feather colours by applying bifurcated-probe- and micro-spectrophotometry and 

imaging scatterometry. We compared the experimental results with published anatomical SEM 

and TEM data, using a transfer-matrix based effective-medium multilayer model that includes 

the number and diameter of the melanosome rodlets and air channels, the lattice spacing and 

the keratin cortex thickness, together with the recently determined wavelength-dependence of 

the refractive indices of keratin and melanin. Slight variations in the parameter values were 

found to cause substantial changes in spectral position and shape of the reflectance bands. We 

discovered that the number of layers crucially determines the number of peaks in the reflectance 

spectra. For a small number of melanosome layers, the reflectance band shape turned out to be 

particularly sensitive to the properties of the upper-most layer, which poses a simple mechanism 

for tuning the feather colours. 

Published as: Freyer, P. and Stavenga, D. G. (2020). Biophotonics of diversely 
coloured peacock tail feathers. Faraday Discuss., DOI: 10.1039/d0fd00033g.
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Introduction

Peacocks are famous for their colourful plumage. The strikingly blue breast as well as the 

richly patterned tail feathers are structurally coloured by arguably one of the most sophisticated 

photonic crystal structures found in birds (Durrer, 1977; Prum, 2006; Kinoshita, 2008). The 

diverse colours are created by two-dimensionally-ordered rectangular lattices in the barbules that 

consist of melanin rodlets (melanosomes) interlaced by air channels that are embedded in keratin 

(Durrer, 1962; Durrer, 1965). 

 In bird feathers, structural colouration is widespread (Durrer, 1977), but the underlying 

optical mechanisms are diverse (Prum, 2006). For instance, pigeon neck feathers are coloured 

by keratin thin films (McGraw, 2004; Nakamura et al., 2008; Yin et al., 2006; Yoshioka et al., 

2007). The barbs of many bird species, e.g. parrots, kingfishers, and rollers, contain nano-sized, 

spongy-structured cells that selectively reflect short-wavelength light by constructive interference 

(D’Alba et al., 2012; Kinoshita, 2008; Kinoshita et al., 2008; Prum, 2006; Shawkey et al., 

2003; Stavenga et al., 2011a). The barbules of the bird-of-paradise feathers and the common 

bronzewing contain stacks of planar arranged melanin rodlets in keratin, which act as multilayer 

reflectors (Stavenga et al., 2011b; Stavenga et al., 2015; Wilts et al., 2014; Xiao et al., 2014). 

Layers of hollow cylindrical melanosomes colour the feather barbules of starling, magpie, and 

turkey (Durrer and Villiger, 1970; Eliason et al., 2013; Maia et al., 2013; Stavenga et al., 2018). 

The extreme iridescence of hummingbird feathers is created by stacks of air-filled melanosome 

platelets in the barbules (Durrer, 1977; Eliason et al., 2020; Giraldo et al., 2018; Greenewalt et 

al., 1960; Sosa et al., 2020). 

 Peacock feather barbules contain a rectangular lattice of solid melanosomes and air 

channels, which is a unique arrangement compared to other iridescent birds. The anatomy of 

peacock feathers has been studied in extensive detail by Durrer (Durrer, 1962; Durrer, 1965; 

Durrer, 1977). To understand the various feather colours, he treated the different photonic lattices 

of the peacock barbules as a periodic multilayer. Applying Bragg’s law, he calculated reflectance 

peak wavelengths that generally corresponded to observed colours (Durrer, 1962; Durrer, 1977). 

Subsequent spectrophotometry on peacock tail, neck and shoulder feathers yielded a variety 

of single- and double-peaked reflectance spectra, which were interpreted with various optical 

methods (Li et al., 2005; Medina et al., 2015; Okazaki, 2018; Yoshioka and Kinoshita, 2002; Zi 

et al., 2003). 
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 In the previous chapter we reported on the blue feathers of the peacock’s neck and 

breast, applying spectrophotometry and imaging scatterometry. The measured spectra could be 

well explained with an effective-medium multilayer model (Freyer et al., 2018). Extending this 

approach, in this chapter we present a detailed set of reflectance spectra of the tail feathers with 

a comprehensive analysis of the feathers’ rich colouration pattern, using recently determined 

refractive index values of bird keratin and melanin (Leertouwer et al., 2011; Stavenga et al., 

2015). We include all six colour regions that were characterized by Durrer (Durrer, 1962; Durrer, 

1965; Durrer, 1977) and highlight the key optical parameters that determine the reflectance band 

shape. The latter crucially depends on the number of layers and furthermore is very sensitive to 

the upper-most layers of the photonic structure, particularly the keratin cortex, which has effects 

that have been so far insufficiently addressed. 

Material and Methods

Peacock feathers and photography

Tail feathers of the peacock, Pavo cristatus, were collected at a children’s farm in Groningen 

(The Netherlands) and at a private farm in the Western Cape (South Africa). Photomacrographs 

of the feathers were made with a Canon EOS 30D camera. Micrographs were made with an 

Olympus SZX16 stereomicroscope (Olympus, Tokyo, Japan) equipped with an Olympus SC30 

camera and a Zeiss Universal microscope (Zeiss AG, Oberkochen, Germany) fitted with a 

ScopeTek DCM510 camera. 

Imaging scatterometry

For investigating the spatial reflection characteristics of the barbules, we performed imaging 

scatterometry (Stavenga et al., 2009; Stavenga et al., 2011c; Vukusic and Stavenga, 2009; Wilts 

et al., 2009). An isolated barbule was attached to a glass micropipette and then positioned at the 

first focal point of the ellipsoidal mirror of the scatterometer. Narrow-aperture scatterograms 

were obtained by focusing a white light beam with aperture < 5° on a small circular area (diameter 

13 µm) of a single barbule cell and then monitoring the spatial distribution of the far-field 

scattered light. The exposure times of the scatterograms were appropriately adjusted to obtain a 

clear image without overexposure. 
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Spectrophotometry

Reflectance spectra of the different areas of the tail feathers were measured with a bifurcated 

fiber probe (Avantes FCR-7UV200), connected to a CCD detector array spectrometer 

(Avantes AvaSpec-2048, Apeldoorn, The Netherlands). The light source was a deuterium-

halogen lamp (Avantes AvaLight-D(H)-S), and the reference was a white diffusely scattering 

reflection tile (Avantes WS 2). Reflectance spectra of small barbule areas were measured with 

a microspectrophotometer (MSP). The MSP was a Leitz Ortholux microscope (Leitz, Wetzlar, 

Germany) with a LUCPlanFL N 20×/0.45 objective (Olympus, Tokyo, Japan) and a xenon 

arc lamp light source. The area measured with the MSP was a square (edge length 5-10 µm), 

determined by a diaphragm in the microscope’s image plane, which was in turn imaged at the 

entrance of an optical fiber connected to the detector array spectrometer. Due to the glass optics 

in the microscope, the MSP spectra were limited to wavelengths > 360 nm. However, this 

limitation appeared to be unimportant, because the bifurcated probe measurements showed that 

the reflectance in the UV was minimal for all feather areas. The probe and MSP collect light 

from a limited aperture and therefore the measured reflectance depends on the spatial reflection 

properties of the object. The scatterometry demonstrated that the barbules are about specular-

reflecting. We estimated that, with a diffuse reflector as a reference, the probe reflectance is 

measured too large by a factor ~4. We therefore present the probe reflectance divided by 4. The 

MSP peak reflectances were scaled to the respective probe spectra and modelled spectra. In 

order to obtain representative spectra for the varying barbule cell colours of the different regions, 

we compared the modelling results with the mean of the MSP spectra that were measured from 

a large set of cells of a single barbule in regions 1-5. As the main aim of our study was to 

gain understanding of the colouration mechanism of the peacock’s tail feathers, we specifically 

focused on the shape of the spectrum in our analysis.

Anatomy

We combined the anatomical data of the peacock tail barbules from the extensive transmission 

electron microscopy (TEM) studies performed by Durrer and Villiger (Durrer, 1962; 

Durrer, 1965; Durrer and Villiger, 1975) with the scanning electron microscopy (SEM) study 

of Jiang et al. (Jiang et al., 2018) (see Table 4.1). These sources did not specify the cortex 

thickness of the feather barbules of the peacock. We therefore started our modelling with the 

mean anatomical parameters of Durrer and Jiang et al. (Durrer, 1962; Durrer, 1965; Jiang et al., 
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2018) and then adjusted them together with the cortex thickness to obtain an optimal fit to the 

measured spectra. 

Effective-medium multilayer modelling

We interpreted the measured reflectance spectra with an effective-medium multilayer model  

in the same way as described already in chapter 3, by using a transfer matrix program based 

on classical optical multilayer theory (Stavenga, 2014; Yeh, 2005), the previously published 

anatomical (Durrer, 1962; Jiang et al., 2018), and refractive index data (Leertouwer et al., 2011; 

Stavenga et al., 2015). Again, the complex effective refractive index of each 1 nm layer was then 

obtained by 

 ñeff = (fknk

w + fmñm

w + fana

w) 1/w     (4.1),

where the weighting factor w depends on the polarisation of the incident light. Effective-

medium theory predicts for two-phase nanostructures weighting factors wTE = 2 and wTM = –2 for 

TE (Transverse Electric)- and TM (Transverse Magnetic)-polarised light, respectively 

(Bräuer and Bryngdahl, 1994; Halir et al., 2015; Lucarini et al., 2005). However, in 

chapter 3 we found close correspondences when the effective-medium multilayer calculations 

were performed with slightly modified weighting factors: wTE = 2.5 and wTM = –1.5. We therefore 

used these adjusted weighting factors in the study described in this chapter. Because the 

experimental spectra were obtained with unpolarised light, we present the mean of the modelled 

TE- and TM-reflectance spectra. 

Results

The appearance of the colour regions

Peacock tail feathers have a brightly coloured eye-like pattern at their distal end. The pattern can 

be categorised into six differently coloured regions with a macroscopic appearance of: 1. violet-

black; 2. blue-green; 3. brown; 4. green-yellow; 5. purple; and 6. brass-green (Figure 4.1a; and 

see also Durrer, 1962 and Durrer, 1965). The colours originate from the barbules, the branches 
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Figure 4.1. A peacock tail feather and barbules. (a) The eye-pattern of the tail feather with six 
distinct colour regions. (b) The feather’s rachis with branches of multi-coloured barbs (large 
rectangle b in panel (a)). (c) Barbs in colour region 5 (upper square c in panel (a)); the barbules 
are exposed here at both sides of the barb (indicated by the branching arrow). (d) Barbs in the 
transition area of regions 1 and 2 (tilted square d in panel (a)); here barbules on one side of the 
barb overlap those on the other side of the neighbouring barb (indicated by the branches on only 
one side of the arrow). (e-j) Micrographs of single barbules from regions 1-6. In region 1, the 
distal cells are strongly sideways-tilted, resulting in only a subtle violet colour (panel (e) and 
arrow head I in panel (d)), but the cells at the barbule base are more or less parallel with the 
feather plane (arrow head II in panel (d)). The number in the left-hand lower corner of (e-j) and 
the colour bars at the bottom indicate the feather region, in accordance with the main text and 
other Figures. Scale bars: (a) 2 cm, (b) 5 mm, (c, d) 1 mm, (e-j) 50 µm.
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of the feather barbs (Figure 4.1b-d; and see also Durrer, 1965). 

 The individual barbules consist of rows of cells with size, shape and colour depending 

on their location (Figure 4.1e-j). Notably the cells in the central and distal parts of the barbules 

display a large coloured surface. This is especially the case in feather region 2, where the 

barbules are very densely packed, so together creating a brightly coloured area (Figure 4.1d). 

Quite in contrast, the barbules in region 1 show only a subdued violet in the distal part of the 

barbule (Figure 4.1e). Here, the barbules are strongly tilted, thus creating the dark velvety-black 

appearance of the central feather area with a minor violet tinge (Figure 4.1a; arrow head I in 

Figure 4.1d). The proximal cells of the barbules in region 1 are less tilted and have only a brown-

pigmentary colour (arrow head II in Figure 4.1d; anatomy shown in Durrer, 1962).

Imaging scatterometry of the feather barbule cells

To investigate the spatial reflection characteristics of the barbules of the peacock tail feathers, 

we performed imaging scatterometry on single barbule cells from the blue-green region 2 and 

the brown region 3. A narrow aperture light beam, focused at a small area of a single barbule 

cell, yielded nearly specular reflections (Figure 4.2a,b). Illumination of larger barbule cell areas 

yielded scattering patterns with a wider spatial distribution (not shown) due to the curved surface 

of the barbules (Figure 4.1f,g; Figure 4.3a).

Figure 4.2. Imaging scatterometry of single barbule cells of the tail feather’s eye-pattern. (a) 
Blue-green region 2. (b) Brown region 3. The white circles in the diagrams indicate polar angles 
of 5°, 30°, 60° and 90°. The samples were tilted by approximately 15° with respect to the normal, 
so that the specular reflection occurred at ~30°, i.e. well separated from the centre which is 
obstructed by the beam block.
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Anatomy and photonic structure of the six colour regions

The scatterometry results can be directly understood from the barbule anatomy as revealed by 

transmission electron microscopy (Figure 4.3), where the cross-section of a barbule cell shows 

its curvature (Figure 4.3a). The dark outer rim of the barbule cell indicates a high melanin 

pigmentation (Figure 4.3a). The melanin is contained in solid rodlets (melanosomes), which are 

arranged into a two-dimensional rectangular lattice embedded in a keratin matrix (Figure 4.3b-

g). The layers of melanosomes are interspersed with layers of air channels, which have a less 

uniform shape compared to the melanosomes (Durrer, 1962; Durrer, 1965). Durrer demonstrated 

Figure 4.3. Anatomy of the peacock tail feather barbules (reproduced from Durrer, 1965). (a) 
TEM image of the cross section of a barbule from region 3. (b-h) TEM cross sections of the 
photonic structures in the six colour regions, 1-6 (Figure 4.1). The black dots represent melanin 
rodlets, the light grey areas are the air channels, and the darker grey is due to keratin. As in Figure 
1e-j, the number in the left-hand lower corner and the colour bar indicate the feather region. Scale 
bars: (a) 5 µm, (b-g) 0.5 µm.
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that the arrangement and dimensions of the melanosome layers are characteristic for the colour 

of the different regions (Durrer, 1962; Durrer, 1965). The different photonic structures vary in 

the number of layers and the size, periodicity and ordering of the melanosomes and air channels 

(Figure 4.3b-g); but how do these structures cause the different colours?

 To answer this question, we derived the parameter values of the component media 

from the reported anatomical data (Table 4.1), and using Equation 4.1 we calculated the 

refractive index profiles of the various barbules as a function of wavelength and depth into 

the barbule surface. As an example, Figure 4.4a shows a stack of 5 melanosome layers and  

4 air channel layers, similar to the structure of region 4. Figure 4.4b presents the corresponding 

effective refractive index profiles for TE- and TM-polarised light with a wavelength of 500 nm. 

Implementing the refractive index profiles of the different barbules in a transfer matrix program 

allowed calculation of the reflectance spectra, which we compared with the measurements. In 

Figure 4.4. Model of the photonic structure in a region 4 barbule and the respective refractive 
index profile as a function of distance into the barbule surface. (a) Idealised structure of the 
barbule; light-grey: air; dark-grey: keratin; black: melanin; a: longitudinal lattice-period; b: 

lateral lattice-period; c: cortex thickness; Dm: melanosome diameter; Dm: air channel diameter. 

(b) Depth-profile of the real (Re) and imaginary (Im) parts of the effective refractive index ñeff for 
TE- and TM-polarised, 500 nm light.
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Figure 4.5. Reflectance spectra measured with a bifurcated-probe- and micro-spectrophotometer 
(MSP). (a) Violet-black (1), (b) blue-green (2), (c) brown (3), (d) green-yellow (4), (e) purple (5), 
and (f) brass-green (6) region. For each region, a probe spectrum (bold curve) is plotted together 
with a selection of MSP spectra (thin curves) that were measured in adjacent cells in a typical 
single barb. For region 6, only two probe spectra are shown, because the probe as well as MSP 
spectra widely vary here.

Figure 4.6. Averages of MSP spectra (solid curves) and spectra calculated by effective-medium 
multilayer modelling (dashed curves). (a-e) MSP and modelled spectra for regions 1-5. (f) Two 
probe spectra of region 6 (Figure 5f) compared with modelled spectra.
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the reflectance modelling we only considered the melanosome-air-channel stack at the upper side 

of the barbule and neglected the stack at the bottom surface. Previous modelling demonstrated 

that the lower melanosome-air-channel stack and the randomly occurring melanosomes in the 

barbule interior contribute at most a very small fraction to the total reflection. Modelling of only 

the upper stack is therefore adequate (Freyer et al., 2018; Stavenga et al., 2017; Stavenga et al., 

2018).

Spectrophotometry

In order to reach a quantitative understanding of the colours of the different feather regions, 

we performed spectrophotometry using a bifurcated reflection probe (Figure 4.5, bold curves). 

The reflectance spectrum of the violet-black region 1 features a single band peaking at ~450 nm 

(Figure 4.5a). Its amplitude is very low, corresponding to the black appearance of region 1. The 

reflectance spectra of the blue-green region 2 and green-yellow region 4 (Figure 4.5b,d) also have 

single bands, peaking at ~500 nm and ~600 nm, respectively, but with a much larger amplitude. 

Quite differently, the reflectance spectra of the brown- and purple-coloured regions 3 and 5 

(Figure 4.5c,e) are double-peaked, with peak wavelengths at ~530 nm and ~660 nm (region 3) and 

~450 nm and ~620 nm (region 5). The band structure of the reflectance spectra of the brass-green 

region 6 strongly varies, depending on the measurement location (Figure 4.5f).

 In the bifurcated probe measurements, the illumination area is rather large (diameter 

~1 mm), and therefore the probe spectra contain the averaged reflectance of many barbule cells. 

To investigate the local variation of the spectra we measured reflectance spectra of single barbule 

cells with a microspectrophotometer (MSP; Figure 4.5, thin curves). Although the MSP spectra 

measured in the various colour regions varied in peak shape and position, they were on average 

very similar to the local probe spectra. 

Effective-medium multilayer modelling

We compared the measured reflectance spectra with modelled spectra, calculated as described 

in the Material and Methods section. The average of the locally measured MSP spectra 

(Figure 4.6, solid curves) was compared with the modelled spectra (Figure 4.6, dashed curves) 

that were computed using the parameter sets derived from the literature (Table 4.1).

 We started the modelling using these parameter values with initially a guessed cortex 

thickness. Subsequently we optimized the lattice to reach an optimal fit to the experimentally 
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Table 4.1. Structure parameters of peacock tail feathers. The six feather regions are given as R1 

to R6; a: longitudinal period; b: lateral period; c: cortex thickness; Dm: melanosome diameter; Da: 

air channel diameter; Nm: number of melanosome layers. The asterisk indicates that the first air 
channel layer was omitted in the modelling. The value of parameter a between brackets indicates 
the value taken for only the first melanosome period (see main text). The references indicated in 
the table correspond to literature values (see text).

 a (nm) b (nm) c (nm) Dm (nm) Da (nm) Nm

R1 black-violet       
Durrer 150-170 140-165 70-130 100-110 33 9-11
Zi 140 140 - 112 70 9-12
Jiang 128-151 116-134 - 113-126 30-40 9-11
Model 140 150 100 100 33 10
R2 blue-green       
Durrer 157-175 150-190 - 100-120 - 9-10
Yoshioka 150 150 - 130 - 8-12
Zi 150 150 - 120 75 9-12
Jiang 153-178 112-131 - 106-119 52-63 5-8
Model 160 170 100 110 33 9
R3 brown       
Durrer 198-223 135-172 - 100-120 - 5-7
Zi 185 150 - 120 75 6 *
Li 185 (235) 150 - 120 75 6 *
Medina 198 (231) 187 - - - 4-5
Model 190 150 70 110 50 5
R4 green-yellow       
Durrer 190-220 115-190 100-160 100-130 55 4-6
Yoshioka 190 190 - 140 - 3-6
Zi 165 165 - 132 83 4
Model 195 150 130 120 55 5
R5 purple       
Durrer 180-228 160-250 - 110-130 - 4-7
Model 185 (240) 190 140 100 70 3 *
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measured spectra while obeying the range of variation of the literature parameters 

(Durrer, 1962; Durrer, 1965; Durrer and Villiger, 1975; Jiang et al., 2018; Li et al., 2005; 

Yoshioka and Kinoshita, 2002; Zi et al., 2003).

 The feather regions 1, 2 and 4 have single-peaked reflectance spectra. Modelling of 

the spectra needed only slight adjustments of the cortex thickness and the lattice period. A 

satisfactory correspondence between measured and modelled spectra was readily obtained by 

taking for the three regions lattice periods a = 140, 160, and 195 nm, melanosome diameters 

Dm = 100, 110 and 120 nm, and number of melanosome layers Nm = 10, 9 and 5, respectively. For 

the air channel diameter we used the parameter values obtained from Durrer and Villiger (Durrer 

and Villiger, 1975): Da = 33, 33 and 55 nm, respectively (other anatomical studies reported a 

large variation in the air channel diameter, see Table 4.1 and Figure 4.3b-g). Modelling showed 

that varying the air channel diameter affected mainly the peak amplitude and the bandwidth of 

the reflectance spectra, but hardly the peak wavelength. 

 During the fitting procedure, an essential parameter governing the peak shape appeared 

to be the keratin cortex thickness. Since no anatomical data exist for the cortex thickness of the 

Pavo genus, we estimated its value for the three regions via the closest fit to experimentally 

measured spectra. A value of c = 100 nm followed for regions 1 and 2, whereas for region 4 

appropriate fits were obtained for c = 130 nm. These values agree well with the cortex thickness 

range of the (violet-black and blue-green) tail feather barbules of the Congo peacock, Afropavo 

congensis: 70-130 nm and 100-160 nm, respectively (Durrer and Villiger, 1975). 

 The brown (region 3, Figure 4.5c, 4.6c) and purple (region 5, Figure 4.5e, 4.6e) feathers 

yielded double-peaked reflectance spectra, which could also be modelled well. We derived for 

region 3 a large period value, a = 190 nm, together with a small cortex thickness, c = 70 nm. In 

order to obtain for region 5 a modelled spectrum with the same spectral shape as the measured 

spectra, we concluded a general lattice period of a = 185 nm, but with a first lattice period of 

R6 brass-green       
Durrer 180-240 140-180 - 110-135 - 3-6
Model 1 185 160 130 120 70 4 *
Model 2 185 (240) 160 150 100 70 3 *
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about a = 240 nm, together with a cortex thickness of c = 140 nm. 

 In region 6, both single- and double-peaked reflectance spectra were measured (Figure 

4.6f), which resembled the spectra of regions 4 and 5, respectively (Figure 4.6d,e). Modelling of 

the single- and double-peaked spectra of region 6 (Figure 4.6f, short- and long-dashed curves) 

revealed that the final parameter values were similar to those of region 4 and 5, respectively (see 

Table 4.1: R4 vs Model 1, and R5 vs Model 2). The single- and double-peaked spectra of region 6 

could both be modelled well by changing mainly the first lattice period (a = 185 nm vs a = 240 nm), 

with slightly adjusted cortex thickness (c = 130 nm vs c = 150 nm), melanosome diameter 

(Dm = 120 nm vs Dm = 100 nm), and layer number, while keeping the remaining lattice spacing 

and air channel diameter constant (see Table 4.1: Model 1 vs Model 2). Apparently, the single- 

and double-peaked reflectance spectra coexist in a single colour region by slightly varying the 

structure, especially of the uppermost layers.

Discussion

Peacock tail feathers display a rich colour palette due to barbules containing basically the same 

photonic components, but strongly varying in the different feather regions, as demonstrated 

by the detailed anatomical studies of Durrer (Durrer, 1962; Durrer, 1965; Durrer, 1977). The 

barbules in region 1 are closely packed and oriented nearly perpendicular to the feather plane 

(Figure 1e). Normally incident light is thus scattered sideways and also inwards, resulting in 

a very low reflectance, similar as in the case of the “super black” feathers of birds of paradise 

(McCoy et al., 2018). Very differently, in regions 2-6 the cells in the middle and distal area 

of the barbules are about parallel to the feather plane (Figure 4.1f-j), clearly to maximize the 

reflectance (Figure 4.5b-f). Consequently, the lowly reflecting region 1 and the highly reflecting 

regions 2-6 together create an extreme colour contrast in the centre of the eye-like pattern of the 

peacock tail feathers. 

 Yoshioka and Kinoshita measured reflectance spectra of the blue neck feathers as well as 

the yellow tail covert feathers and modelled the angle dependence of the spectra with a scalar field 

approximation (Yoshioka and Kinoshita, 2002). Furthermore, Zi et al. studied various coloured 

barbules in the eye pattern of the tail feathers of a male green peafowl (Pavo muticus) (Zi et al., 

2003). Using a plane-wave expansion method, they calculated the photonic band structure of a 

2D photonic crystal and also applied a transfer matrix method to compute reflectance spectra. 
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Here we extended the previous studies by applying effective-medium multilayer modelling, 

which allowed the calculation of the feathers’ reflectance spectra of the various colour regions of 

the tail feathers by choosing appropriate parameter values and adding also the so far neglected 

cortex.

 The amplitude of the feather reflectance of course crucially depends on the packing 

density of the barbules. Notably in region 3-6, the feather barbules are rather loosely packed. 

Furthermore, the barbule and the barbule cell surfaces are curved and thus reflect incident light 

in a large spatial angle, which makes quantitative modelling of the reflectance cumbersome. We 

therefore focused on interpreting the spectral positions and shapes of the measured reflectance 

spectra. Using predominantly literature parameter values (Durrer, 1962; Durrer, 1965; Durrer 

and Villiger, 1975) (Table 4.1), the single-peaked spectra were readily modelled, with only minor 

adjustments to the layer periodicity in order to match the peak wavelengths, λmax; but for the 

modelling of double-peaked spectra that fitted well with the experimentally measured spectra, 

adjustment of several parameter values were necessary. 

 In the classical case, where the melanosome-air-layer stack is treated as an ideal 

multilayer reflector, the reflectance spectrum features a single, main band. The lattice period 

determines its peak wavelength, and the bandwidth decreases with an increase of the number 

of periods (see Land, 1972, for instance). However, when the melanosome-air-layer stack 

consists of only a few periods (as in regions 3-6), minor changes in the spacing of the first 

layers can cause distinct modulations in the reflectance spectra (Li et al., 2005; Medina et al., 

2015). We found that the keratin cortex and the melanosome diameter in the first lattice periods 

play a prominent role in adjusting the peak shape. Interestingly, the effect of these peak shape 

modulating parameters decreases when the number of melanosome layers increases. With a large 

number of layers the reflectance spectrum is always single-peaked, as occurs in region 1 and 2.

 The MSP spectra measured from various areas in one and the same barbule vary only 

slightly (Figure 4.5), which indicates that the dimensions of the underlying structures are similar. 

Subtle deviations from the anatomical parameters as stated in the literature were necessary to 

achieve satisfactory modelling results. This is not surprising, as the anatomical data obtained 

by electron microscopy inevitably represent data from a very restricted set of barbule cells. The 

parameter values deduced from the anatomical data can furthermore suffer from preparation 

artefacts, as for instance the uncertainty whether the section is perpendicular to the barbule 

surface. 
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 The modelling of a specific spectrum allowed a small range of freedom. Especially since 

the effects of each structure parameter depends on the choice of the other parameters. For instance, 

the number of melanosome and air channel layers together with the air channel diameter mainly 

affect the peak reflectance and bandwidth, while the cortex thickness, the melanosome diameter 

and the lattice-spacing prominently affect the peak wavelength and whether the spectrum is 

single- or double-peaked. Nonetheless, the parameter space for modelling the position and shape 

of the spectrum while at the same time adhering to the anatomical values appears to be restricted. 

The air channel diameter is strongly variable, as already noted by Durrer, who speculated that 

the channel size is not controlled by an active cellular process as in the case of the melanosome 

diameter (Durrer, 1962; Durrer, 1965).

 The distinct, single-peaked reflectance spectra obviously create a strong visual signal, 

and it is hence interesting to compare the spectral properties of the various colour regions with 

the spectral sensitivities of the peacock’s photoreceptors. Vision in the peafowl is tetrachromatic, 

based on photoreceptors VS, SWS, MWS and LWS with peak spectral sensitivities 

432, 477, 537 and 605 nm, respectively (Hart, 2002). The weakly reflecting region 1 has 

a reflectance peak wavelength at λmax = 450 nm, in the sensitivity range of the VS and SWS 

receptors, but the low reflectance will unlikely cause any excitation, but rather an area that is 

highly contrasting with its surroundings; the brightly reflecting region 2, with λmax = 500 nm, will 

activate the SWS and MWS receptors; the two reflectance bands of region 3, with λmax = 530 

and 660 nm, correspond with the MWS and LWS spectra; region 4, with λmax = 600 nm, matches 

LWS; and the two reflectance bands of region 5, with λmax = 450 and 620 nm, are well tuned to 

VS and LWS. In other words, the males’ tail feather patterns, when displayed, will be properly 

discriminated by the visual system of the choosy females (see also Kane et al., 2019). The relative 

contribution of the various areas of the multi-coloured eyespots to the male’s mating success has 

been investigated by Dakin and Montgomerie (Dakin and Montgomerie, 2013). They concluded 

that the blue-green eyespot overwhelmingly influences the mating success, while the influence of 

the other colours is minimal, raising questions to their function. In the study discussed here we 

showed that the brown region 3 still presents a quite uniform optical signal that is spatially well 

defined, while region 4, 5 and 6 are more intermixed. Particularly so in the lower part of the eye 

pattern (Figure 4.1a). It is therefore not surprising to see a close anatomical relationship of the 

spectra measured in the outer regions, specifically for the coexisting spectra of the outer brass-

green region 6 (see Figure 4.6c and Table 4.1). Besides serving as a background surface when 



8383

Biophotonics of diversely coloured peacock tail feathers

the peacock’s feather train is raised, region 6 hence provides an excellent coat of camouflage 

when the train is lowered, then blending in with the surrounding greens and browns of foliage.

 Our comprehensive investigation of the different colour regions of the peacock tail 

feathers demonstrated that small geometrical changes in the barbule’s components, especially 

those in the uppermost surface layers, can cause large variations in spectral reflection properties of 

the peacock’s feathers. The many tail feathers of a peacock nevertheless all display approximately 

the same colour pattern, which suggests that the developmental genetic programs are adequate 

in controlling the arrangement of the local photonic structures, e.g. the number of melanosome 

layers, the melanosome diameter and the lattice spacing, to serve the creation of beautiful and 

even exciting optical signals for the onlooker.
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Chapter 5

Wetting causes structure-dependent 
colour changes in bird feathers

Abstract

Bird feathers with structural colours show a colour change when humidified. We investigated 

this phenomenon in feathers of the European and Cape starling as well as in mallard and magpie 

feathers by performing reflectance spectrophotometry and optical modelling. The European 

starling and mallard feathers have barbules coloured by layers of solid melanosomes, embedded 

in keratin. The shift of the feathers’ reflectance spectrum occurring upon humidification is 

most likely due to swelling of the feathers’ keratin. The melanosomes of the Cape starling and 

magpie feather barbules are hollow, and thus infiltration of water into the air cavities can there 

contribute to the spectral changes.

To be submitted as: Freyer, P. and Stavenga, D. G. (2021). Wetting causes structure-
dependent colour changes in bird feathers.
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Introduction

The plumage of many birds displays bright colours, which have a pigmentary/chemical basis 

and/or a structural/physical origin (Hill and McGraw, 2006; Prum, 2006; Kinoshita, 2008). Birds 

employ various pigments, specifically carotenoids and melanins, but other pigment classes are 

also encountered, e.g. pterins, porphyrins and psittacofulvins (McGraw, 2006a; McGraw, 2006b; 

McGraw, 2006c). Structural colouration of bird feathers is similarly diverse. The barbs of several 

bird species have a sponge-like structure, which by constructive interference reflects light in a 

restricted wavelength range (Prum, 2006; D’Alba et al., 2012; Tinbergen et al., 2013). Keratin 

thin films cause the colours of pigeon neck feathers (Nakamura et al., 2008), while multilayer 

reflectors consisting of keratin-melanosome stacks cause the striking colours of barbules of 

e.g. bird-of-paradise, peacock, common bronzewing, starlings, and hummingbirds (Durrer, 1977; 

Stavenga et al., 2010; Maia et al., 2013; Xiao et al., 2014; Freyer et al., 2019).

 The colours of bird feathers can change upon humidification. The feathers of house 

finches (Carpodacus mexicanus), which feature pigmentary colouration due to carotenoids, 

showed no spectral changes at different degrees of humidity (Eliason and Shawkey, 2010), 

but ambient humidity modified the structural coloured feathers of tree swallows (Tachycineta 

bicolor) and eastern bluebirds (Sialia sialis). The feathers of tree swallows have a blue structural 

colour, created in the barbules by a keratin layer on top of an irregular layer of disk-shaped, solid 

melanosomes. In these feathers, increasing the ambient humidity caused a bathochromic shift of 

up to ~25 nm. The spectral shift was interpreted to be due to humidity-induced swelling of the 

keratin cortex layer (Eliason and Shawkey, 2010).

 The same explanation was used for the spectral reflectance shift that was observed 

upon increased humidity in feathers of the eastern blue-bird, although there the colour resides 

in the spongy barbs, which consist of a network of quasi-regular arranged keratin and air 

channels (Eliason and Shawkey, 2010). Previously, Mason treated similarly structured, blue 

Cotinga feather barbs with various fluids (Mason, 1923). The air channels of the spongy barbs 

likely absorb the applied fluids This results in a distinctly reduced reflectance together with a 

colour change (Mason, 1923; Stavenga et al., 2011). Raman also studied the effect of wetting 

on feathers of the Indian roller (Coracias indica), which also have spongy barbs (Raman, 1934). 

He found that an initially indigo-blue feather became green when damp, and a greenish-blue 

feather changed into pinkish red. All colour changes appeared to be reversible upon drying of the 
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feathers. The water-induced refractive index changes are presumably an additional cause of the 

water-induced spectral changes, next to the swelling.

 Here we report on our investigation of the spectral changes caused by wetting the feather 

barbules of the European starling and mallard that are coloured by layers of solid melanosomes, 

embedded in keratin (Durrer, 1977; Stavenga et al., 2017). Furthermore, we analysed how 

water affects the colours of the barbules of the Cape starling and magpie, which have hollow 

melanosomes (Durrer and Villiger, 1970; Stavenga et al., 2018). We interpreted the shifts in the 

measured reflectance spectra with the effective medium multilayer model that was used in the 

previous chapters for understanding the structural colouration of bird feathers.

Material and Methods

Feathers 

Feathers of the European starling (Sturnus vulgaris), mallard (Anas platyrhynchos), and magpie 

(Pica pica) were collected in the Netherlands (near Groningen) and those of the Cape Starling 

(Lamprotornis nitens) in Namibia (near Windhoek). The colour changes during evaporation 

of applied water drops were documented with an Olympus SZX16 stereo zoom microscope 

equipped with an SDF PLAPO 1XPF objective and an Olympus SC-30 digital colour camera.

Spectrophotometry

The reflectance spectrum of the barbules was measured with a bifurcated probe (Avantes FCR-

7UV200), using a CCD detector array spectrometer (Avantes AvaSpec-2048, Apeldoorn, the 

Netherlands). The light source was a deuterium-halogen lamp (Avantes AvaLight-D(H)-S), and 

the reference was a white diffusely scattering reflection tile (Avantes WS 2). The feather was 

positioned on a horizontal table with the probe vertically above it. Before wetting, a first (test) 

measurement was performed. Subsequently, a droplet of water was applied onto the feather, 

which then was left to soak for 10-20 minutes before it was taken off with a piece of paper tissue. 

Reflectance measurements then immediately started and were continued until the dry state was 

asymptotically reached.
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Effective-medium multilayer modelling

The reflectance spectra of the barbules were modelled using the effective medium multilayer 

modelling method applied before on various bird feathers (Stavenga, 2014; Freyer et al., 2019). 

The keratin-melanosome stacks of the barbules were sliced in layers with 1 nm thickness and 

the effective refractive index of each layer was the calculated, using the dimensions derived 

from anatomy and the refractive index of keratin, melanin and air; for the European and Cape 

starling as described in chapter 2, for the mallard and the magpie as by Stavenga et al. (Stavenga 

et al., 2017, 2018). The parameters that we varied simultaneously are slightly different to the 

previous studies, however, since we were primarily interested in the effect of material swelling, 

as detailed below. The reflectance spectra were calculated assuming normal illumination. Due 

to anisotropic arrangement of the rod-shaped melanosomes in the case of the Cape starling, 

mallard and magpie, the reflectance depends on the polarisation of the light. As we performed 

the experiments with un-polarized light, we averaged the calculated TE- and TM-dependent 

reflectance spectra in these samples.

Results

We investigated the water-induced changes in structural colouration of feathers of a European 

starling, mallard, Cape starling and magpie. In all four cases, applying a water droplet to the 

feathers causes a distinct colour change (Figure 5.1a, e, i, m). For instance, the Cape starling 

feather changed from blue to green (Figure 5.1i-k) and the magpie feather and from purple to 

blue (Figure 5.1m-o). After removing the water droplet with a piece of paper tissue, the remaining 

colour spot marked the droplet’s location (Figure 5.1b, f, j, n), but after several seconds, the 

initial colour started to be regained (Figure 5.1c, g, k, o).  To quantify the colour changes, we 

measured the reflectance spectrum of the wetted patch immediately after droplet removal and 

subsequently in the following dry state (Figure 5.1d, h, l, p). In all cases, the reflectance spectrum 

of the wet state is bathochromically shifted with respect to the spectrum of the dry state. The 

peak-wavelength shift for the European starling and mallard was ~16 nm, and for the Cape 

starling and magpie ~40 nm.

 Previous studies demonstrated that layers of melanosomes parallel to the surface of 

the barbules create the feather’s structural colours (Durrer, 1977; Stavenga et al., 2017). The 

water-induced bathochromic shift of the spectra, together with the nearly unchanged shape, 
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indicates that water uptake by the barbules causes a slight increase of the distances in the keratin-

melanosome stack. Although the rather noticeable changes in the amplitude of the reflectance 

spectra were not immediately clear, they could be readily understood after close-up observation 

of the barbules. In the dry state, the surface of the barbules is more or less parallel to the feather 

surface, so that the reflecting area is largest. On a microscopic level (not explicitly shown here), 

Figure 5.1. Colour changes exhibited by structurally coloured bird feather barbules upon applying 
a drop of water and during subsequent drying. (a-d) Green covert feather of a European starling. 
(e-h) Speculum feather of a mallard. (i-l) Tail feather of a Cape starling. (m-p) Tail feather of a 
magpie. (a, e, i, m) After application of a water droplet. (b, f, j, n) After the droplet was removed 
with a paper tissue. (c, g, k, o) After a considerable drying time. (d, h, l, p) Reflectance spectra of 
the dry (blue curves) and wet (red curves) state of the four feathers. Scale bars: (a-c) 1mm;  
(d-f) 3 mm; (g-i) 3 mm; (j-l) 3mm.
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the barbule positions were influenced by the presence of the water droplet, sticking together and 

more or less returning to the same state when dry. Sometimes deformations remained, especially 

at the droplet edge, as is macroscopically visible in Figure 5.1f. Hence the quantity of light that 

is captured by the spectrometer varied between the wet and dry states, as observed in the changed 

amplitudes of the measured reflectance spectra.

 During the drying process, the reflectance spectra gradually returned from the longer-

wavelength-peaked wet state toward the shorter-wavelength-peaked dry state. Figure 5.2 shows 

the time course of the peak wavelength for the case of the European starling. The time courses 

for the other cases were essentially the same, but the duration varied, possibly also related to 

the size of the applied water drop. Figures 5.1d, h, l, p show reflectance spectra for a single 

location. We repeated the measurements for various areas of the feathers, which yielded slightly 

varying peak wavelength shifts, for the European starling 25±6 nm, for the mallard 16±4 nm, 

for the Cape starling 40±9 nm, and for the magpie 35±8 nm. To interpret these peak shifts, we 

performed optical modelling.

 Diagrams of the arrangement of the melanosomes in the feather barbules of the four 

investigated bird species are presented in Figure 5.3a, d, g, j. The associated refractive index 

profiles at 500 nm are given in Figure 5.3b, e, h, k. In each panel three cases are considered where 

the cortex thickness is assumed to increase due to wetting.

 For the melanosomes of the European starling, we assumed a diameter Dm = 130 nm, 

with the melanosomes arranged in a single layer (Figure 5.3a, Freyer and Stavenga, submitted 

2020). To simplify the calculations, we assumed touching melanosomes, or, Da = Dm , and the 

cortex thickness was taken to be c = 280, 310, and 340 nm (Figure 5.3b), yielding the reflectance 

Figure 5.2. Peak wavelength of the 
reflectance spectrum of a European starling 
feather before and after wetting (symbols). 
The water drop was applied to the feather 
during the grey bar, and it was removed at 
t = 0. After about 1 min the peak wave-
length returns from the wet state (600 nm, 
red dashed line) to the dry state (566 nm, 
green dashed line) with approximately an 
exponential time course (blue curve).
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spectra of Figure 5.3c, with incremental peak-wavelength shifts of 30 nm.

 For the mallard, we assumed N = 6 layers of melanosomes with diameter Dm = 130 

nm and inter-melanosome spacing of s = 40 nm (i.e. Da = 160 nm (Figure 5.3b, Stavenga et 

Figure 5.3. Spectral shifts due to changes in keratin swelling/expansion. (a-c) European starling, 
S. vulgaris. (d-f) Mallard, A. platyrhynchos. (g-i) Cape starling, L. nitens. (j-l) Magpie, P. pica. 
(a,d,g,j) Diagrams of the arrangement of melanosomes in the barbules of the four investigated 
bird species. (b,e,h,k) The associated real (Re) and imaginary (Im) parts of the refractive index 
profiles at 500 nm for three different increments of keratin swelling. (c,f,i,l) Reflectance spectra 
calculated for these three cases.
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al. 2017)). The cortex thickness was then taken to be c = 240, 270, and 300 nm and the inter-

melanosome spacing to be s = 40, 45, and 50 nm (between the hexagonally arranged barbules; 

Figure 5.3b), yielding the reflectance spectra of Figure 5.3f, with incremental peak wavelength 

shift of 23 nm.

 For the Cape starling, cortex thicknesses c = 160, 175, 190 nm together with 

a simultaneous change of the inter-melanosome spacing parallel to the barbule surface  

da = 50, 55, 60 nm (Figure 5.3g) yielded the refractive index profiles of Figure 5.3h and the 

reflectance spectra of Figure 5.3i, with incremental peak wavelength shift of 23 nm.

 The magpie barbules have a much thinner cortex, and thus we took cortex thicknesses  

c = 50, 55, and 60 nm (Figure 5.3j), which yielded the refractive index profiles of Figure 5.3k and 

the reflectance spectra of Figure 5.3l, with incremental peak wavelength shift of 11 nm.

 In all cases the ~10 % keratin swelling caused reflectance spectra that were 

bathochromically (towards longer peak-wavelength) shifted (Figure 5.3c, f, i, l).

 For the Cape starling and magpie modelling, we also assumed water infiltration into 

the air cavities upon wetting, i.e. the refractive index of the cavities was then taken to be 1.33 in 

Figure 5.4. Colour changes induced by wetting of a peacock tail feather.
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the wet state and 1 in the dry state. This increased the modelled total peak shift between the wet 

and dry state (in addition to the abovementioned shift) by another 13 and 24 nm for the Cape 

starling and magpie, respectively. Furthermore, the refractive index of keratin was assumed to be 

constant during the structural changes.

 We also calculated the effect of melanosome swelling on the reflectance spectra. Spectral 

shifts similar to those occurring upon keratin swelling could be obtained when assuming melanin 

volume swelling by ~10 %. Of course, also substantial spectral shifts resulted by filling the holes 

in the air-filled melanosomes with water.

 Figure 5.4 shows the effect of water on a peacock tail feather. In all locations were a 

water drop was placed clear colour changes could be observed. With slight modifications of the 

modelling parameters applied in chapters 3 and 4, shifted reflectance spectra can be calculated 

(Freyer et al., in preparation).

Discussion

We found that water uptake by the feathers of birds with coloured barbules induce colour changes 

that can be well understood by assuming volumetric changes in the feather keratin, in agreement 

with the conclusion drawn from humidification experiments on tree swallows feathers (Eliason 

and Shawkey, 2010). The absorption of water by keratin and the resulting lengthening of keratin 

fibres is well known (Watt, 1965) and was applied in the hair-tension hygrometers of the 18th 

century (https://en.wikipedia.org/wiki/Hygrometer). Also, keratin films can increase in size by 

50 % (Reichl et al., 2011). From our findings reported in chapter 2, it could be anticipated 

that keratin, which mainly resides in the cortex layer, would have a most relevant effect on the 

peak wavelength of the reflectance spectrum for the two starling structures. However, keratin 

swelling can also explain the peak shifts that we measure in the mallard and magpie, when water 

infiltration into the air cavities is included in the latter.

 Water uptake by melanin in the feather barbules as well as by air holes in the feathers 

of Cape starling and magpie could similarly explain the observed reflectance changes, as 

established by water sorption by melanin films (Clulow et al., 2017), but applying the principle 

of parsimony, the water-induced change in the barbule’s keratin is presumably the most likely 

actor causing the water-induced colour changes in bird feathers.
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GENERAL DISCUSSION 
AND OUTLOOK

In the PhD project described in this thesis I studied photonic structures in the barbules of bird 

feathers using detailed numerical calculations and various experimental methods. I used previous 

anatomical studies to calculate the optical spectra by using effective medium theory (Lucarini 

et al., 2005) and the transfer matrix method (Yeh, 2005). Comparing these simulated spectra to 

the measured ones allowed me to understand how the optical spectrum in the various samples is 

created. Especially, since this modelling method allowed a straightforward understanding of the 

structural parameters that are responsible for specific shape characteristics (i.e. the wavelengths 

of the reflectance peaks and their relative amplitudes) of the optical spectrum which, in the end, 

governs the feather’s colouration. 

 Firstly, I presented the outcomes of structures that are clearly one-dimensionally ordered, 

with multilayer stacks of two and four layers in the feather barbules of the European and Cape 

starling species (chapter 2). By performing a modelling study of these structures and comparing 

these to measurements, I found that the two layers of the European starling act effectively as 

a single keratin cortex thin-film layer with a melanin background, and that the Cape starling 

shows its most prominent spectral peak shift when the keratin cortex parameter is varied. This 

observation shows that the conventional intuition, namely that the periodicity of the multilayer 

stack is decisive for the reflectance band’s spectral position, must be treated with caution when 

the multilayer stack is composed of only a few layers. 

 Subsequently, I presented a detailed study of arguably the most sophisticated photonic 

structure found in birds, namely the two-dimensional rectangular ordering of melanosomes and 

air channels in the feather barbules of the peacock (chapters 3 and 4). Although two-dimensionally 

ordered photonic structures in bird feathers have been interpreted using photonic band-gap 

calculations (which are based on the assumption of an infinite lattice) in the past (Eliason and 
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Shawkey, 2012; Eliason et al., 2013; Zi et al., 2003), our comparison of the multilayer modelling 

to FDTD modelling suggests that the shape of the reflectance spectrum is essentially determined 

by the melanosome ordering in the dimension perpendicular to the barbule surface (chapter 3), 

in agreement with previous work (Stavenga et al., 2017; Stavenga et al., 2018). The fact that the 

melanosome ordering in the parallel direction is not very uniform (Okazaki, 2018), may however 

play a role in diminishing the relevance of the ordering along the second, parallel direction. 

 Furthermore, in chapter 4 the spectra obtained by micro- and (probe) macro-

specrophotometry of the various coloured barbules were shown to agree very well at normal 

angle-of-incidence. I again found that the cortex layer plays a crucial role in shaping the spectral 

peak(s) of the various reflectance band(s) of the peacock tail feather spectra. A similar effect 

has been documented in the case of the melanin multilayer in the cuticle of the Japanese jewel 

beetle (Yoshioka et al., 2012). The dependence of the reflectance band shape on cortex thickness 

is intrinsically related to the band width, which is crucially determined by the number of layers 

of the multilayer (Kinoshita et al., 2008). The large number of layers of the barbules in the blue 

neck and breast area of the peacock guarantees a distinct, single reflectance peak. The more 

complex spectral shapes in the other colour regions of the peacock plumage result from the 

varying thicknesses of the cortex as well as of the underlying layers. I concluded, therefore, that 

the uppermost layers (and not only the cortex) influence the shape of the spectrum only when the 

total number of layers is below a certain threshold (that lies at about 7 layers for this particular 

structure). 

 Finally, in chapter 5 I reported on the study of the effect of moisture on the photonic 

structures of bird feather barbules, including those where melanosome rodlets are hexagonally 

arranged. The spectral shifts observed when the structure is in contact with water, point to keratin 

swelling and possibly water infiltration into air cavities. Also melanin swelling may contribute to 

the spectral shifts.

 In conclusion, this dissertation presents a number of experimental and computational 

studies on the optical properties of multilayer stacks built of melanin, air and keratin, which 

range from stacks of two layers (in the European starling) to up to 24 layers (in the violet and 

blue regions of a peacock tail feather). While the ideal multilayers that have perfectly regularly 

spaced layers (long-range order) are fundamentally well understood, the less ideal multilayers 

(medium-range order) are mostly approached in more approximate terms (see for instance Land, 

1972). I emphasise the term “medium-range” order here in order to distinguish them from the 
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Table 6.1. Advantages and disadvantages of the multilayer modelling approach compared to other 
commonly used simulation methods of FDTD modelling and photonic band-gap calculations.
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the most realistic modelling method. 
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Common constraints are the reduction of the dimen-
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• Allows modelling the dispersion relation 
of ideal 2-D or 3-D periodic photonic 
structures, including the photonic band-
gaps (“forbidden” frequencies).

• Polarisation specific.

• Computationally less costly than FDTD 
modelling, but costlier than EMM.

• Difficult to implement (pigment) absorption effects, 
since the dielectric constant is assumed to be real.

• Assumes perfectly ordered structures of infinite 
spatial extent. Care must be taken when applying 
this to considerably disordered and spatially confined 
structures, as in the case of many natural photonic 
structures. 

• Reveals the reflectance only indirectly, through 
obtaining the (un)occupied photon states of a lattice 
structure.
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recently better understood short-range ordered systems as found in the case of sponge-like 

photonic structures (Saranathan et al., 2012) or in the case of thin films that have been understood 

since Airy (Stavenga, 2014; Yeh, 2005). I hope to hereby contribute to a better understanding of 

the colouration of various bird species and confirm the usefulness of multilayer modelling as an 

effective tool to model such photonic systems. Multilayer modelling is a comparably easy method 

to help develop a better physical understanding of the interplay of phases of the various reflected-

light components. As an overview, I summarised here the advantages and disadvantages of the 

multilayer modelling in comparison to the other commonly used method of FDTD modelling 

and photonic band-gap calculations (Table 6.1); see for instance (Kinoshita, 2008; Wilts, 2013) 

for a more detailed overview of these methods.

Looking into the future, I can hence promise that multilayers still hide a plethora of interesting 

spectral-shape effects that will be revealed. I suspect that the unravelling of the structure-

versus-spectral relationships still has some way to go, since interference effects quickly become 

very complex when several components are involved; hence the use of numerical methods. A 

challenge that remains is the multitude of parameters that can be tested against each other, and 

perhaps modern machine learning methods could be useful for finding the more general patterns.

 Currently, considerable interest of the bio-photonics community is directed at the better 

understanding of the relevance of disorder on the specific optical properties of such structures 

(Arwin et al., 2020). This also goes hand in hand with more difficult questions, such as the 

biological cost and the actual need to produce perfect order (is a “superior” signal really such a 

good indicator of superior genetic fitness?). Furthermore, how can it be that the optical properties 

of these photonic structures appear so perfect, despite the significant disorder? The better 

understanding of such a complex (phase) interplay of the various light components stemming 

from a one-dimensional medium-range ordered system, as those presented in this dissertation, 

could be a promising step towards understanding the underlying physics also in three dimensions. 

References

Arwin, H., Barla, P., Blake, A., Borsuk, A., Brien, M., Burg, S., Chang, Y., Freyer, P., Hardy, 

M., Holt, A., et al. (2020). Optics and photonics in nature: general discussion. Faraday 

Discuss. DOI: 10.1039/d0fd90013c.



105

GENERAL DISCUSSION AND OUTLOOK

Durrer, H. (1977). Schillerfarben der Vogelfeder als Evolutionsproblem. Denkschr. Schweiz. 

Naturforsch. Ges. 91, 1–126.

Eliason, C. M. and Shawkey, M. D. (2012). A photonic heterostructure produces diverse 

iridescent colours in duck wing patches. J. R. Soc. Interface 9, 2279–2289.

Eliason, C. M., Bitton, P. P. and Shawkey, M. D. (2013). How hollow melanosomes affect 

iridescent colour production in birds. Proc. R. Soc. B 280, 20131505.

Kinoshita, S. (2008). Structural Colors in the Realm of Nature. World Scientific, Singapore.

Kinoshita, S., Yoshioka, S. and Miyazaki, J. (2008). Physics of structural colors. Reports Prog. 

Phys. 71, 076401.

Land, M. F. (1972). The physics and biology of animal reflectors. Prog. Biophys. Mol. Biol. 24, 

75–106.

Lucarini, V., Saarinen, J. J., Peiponen, K.-E. and Vartiainen, E. M. (2005). In Kramers-Kronig 

Relations in Optical Materials Research, pp. 19–26. Springer, Berlin.

Okazaki, T. (2018). Reflectance spectra of peacock feathers and the turning angles of melanin 

rods in barbules. Zoolog. Sci. 35, 86–91.

Saranathan, V., Forster, J. D., Noh, H., Liew, S. F., Mochrie, S. G. J., Cao, H., Dufresne, E. R. and 

Prum, R. O. (2012). Structure and optical function of amorphous photonic nanostructures 

from avian feather barbs: A comparative small angle X-ray scattering (SAXS) analysis of 

230 bird species. J. R. Soc. Interface 9, 2563–2580.

Stavenga, D. G. (2014). Thin film and multilayer optics cause structural colors of many insects 

and birds. Mater. Today Proc. 1, 109–121.

Stavenga, D. G., van der Kooi, C. J. and Wilts, B. D. (2017). Structural coloured feathers of 

mallards act by simple multilayer photonics. J. R. Soc. Interface 14, 20170407.

Stavenga, D. G., Leertouwer, H. L. and Wilts, B. D. (2018). Magnificent magpie colours by 

feathers with layers of hollow melanosomes. J. Exp. Biol. 221, 174656.

Wilts, B. D. (2013). Brilliant biophotonics. PhD thesis, University of Groningen, The Netherlands.

Yeh, P. (2005). Optical waves in layered media. Wiley, Hoboken, NJ.

Yoshioka, S., Kinoshita, S., Iida, H. and Hariyama, T. (2012). Phase-adjusting layers in the 

multilayer reflector of a jewel beetle. J. Phys. Soc. Japan 81, 1–7.

Zi, J., Yu, X., Li, Y., Hu, X., Xu, C., Wang, X., Liu, X. and Fu, R. (2003). Coloration strategies 

in peacock feathers. Proc. Natl. Acad. Sci. 100, 12576–12578. 



106



107

Summary
Many birds have fascinating colours thanks to feathers with nanoscopic structures made of 

keratin and melanin (and sometimes air). These structures, with a periodicity in the order of 100-

200 nm, are also called biophotonic crystals. The special optical properties of these structures, 

such as those in the feathers of peacocks, are as yet not fully understood. This thesis presents an 

in-depth study of the relationship between the structures and colours of a number of bird species, 

thus contributing to a better understanding of the relationship between the nanoscopic structures 

and their spectral properties.

 In order to understand the optics of the so-called structural colours in bird feathers 

better, I applied unique optical methods for measuring the scattering of light by microscopic 

objects, especially imaging scatterometry and spectrophotometry. The measured reflectance 

spectra could be explained with an accessible transfer-matrix calculation method, because an 

important component of the colour formation, the melanosomes, organelles that contain melanin, 

are arranged in layers. I approximated the photonic structures in the feathers as a multilayer, i.e. 

a stack of layers. The multilayer calculations yielded a good match with the reflectance spectra 

measured as a function of the angle of illumination in the feathers of the different studied birds. 

 After a general introduction of pigmentary and structural colours, chapter 1 presents the 

theory of optical thin films and multilayers. This theory was used for the multilayer calculations 

in the following chapters. 

 In chapter 2, I analyse the structural colours of two starling species, the European 

starling, Sturnus vulgaris, and the Cape starling, Lamprotornis nitens. The feathers of both 

species only have one layer of keratin, followed by one layer of rod-shaped melanosomes. In the 

European starling, the melanosomes are solid, but those of the Cape starling are hollow (filled 

with air). Comparison of the measured reflectance spectra of the feathers of the European starling 

and the calculated spectra yielded important insight into how the reflectance spectra are created, 

namely that the thickness of the first keratin layer crucially determines the shape of the final 

reflectance spectrum. Importantly, this is the case when a multilayer consists of less than three 

layers. With an increase in the number of layers, such as in the Cape Starling, the contribution of 

the first keratin layer to the colour formation becomes less important.

 In chapters 3 and 4, I study the structural colours of the feathers of the peacock 
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(Pavo cristatus). These feathers have the most complex photonic structures of all birds: two-

dimensional-ordered lattices of solid melanosome rods and air channels in keratin. The four 

most prominent colours of the peacock feathers can be seen in the well-known ring-shaped 

patterns of the tail feathers. First of all, I demonstrate that a simple multilayer calculation is well 

able to describe the optics of these very complex structures. Secondly, the photonic structures 

of the peacock feather show an interesting diversity in the number of layers. Depending on the 

number of layers, the reflectance spectra have either a complex shape, with double peaks, or a 

prominent simple shape, with a single peak. A double peak will create mixed colours in the eye 

of the observer, with a possibility for greater colour variation. For a small number of layers (up 

to about 5), the keratinous cortex layer is of primary importance for the shape of the reflectance 

spectrum, which can have a single peak or a double peak, dependent on the thickness value. With 

a large number of layers (more than 7), always a single spectral peak occurs. Together with the 

insights from chapter 2, I therefore show here more specifically how the number of layers and 

their specific structure determine the shape of the reflectance spectrum, and thus the colour.

 Chapter 5 shows that the colours of the feathers of the aforementioned starlings and of 

the duck Anas platyrhynchos, the magpie Pica pica, and also the peacock, change when exposed 

to water. To understand the spectral changes, I again applied the approved multilayer calculation 

method. The conclusion is that the water causes the feather structures to expand, so that the 

reflectance spectrum shifts towards longer wavelengths, and thus the colour changes.

 Thanks to the accessible effective-medium multilayer method described in this thesis, 

the colours of many bird feathers can now be calculated and understood in detail. 
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Samenvatting

De kleuren van vogelveren, verklaard met een effective-medium-multilagen model 

Veel vogels hebben fascinerende kleuren dankzij veren met nanoscopische structuren. Deze 

structuren, met een periodiciteit in de orde van 100-200 nm, zijn gemaakt van keratine 

en melanine (en soms ook lucht), en worden ook wel biofotonische kristallen genoemd. De 

bijzondere optische eigenschappen van deze structuren, zoals bijvoorbeeld die van pauwen, 

zijn tot op heden nog weinig begrepen. Er is dus behoefte aan een diepgaande bestudering van 

het verband tussen de structuren en de kleuren; in het bijzonder hoe de verscheidenheid aan 

structuren en kleuren (reflectantiespectra) zich tot elkaar verhoudt. In dit proefschrift dragen wij 

bij aan een beter begrip voor deze verhouding tussen bepaalde nanaoscopische structuren en de 

spectrale eigenschappen. Tegelijkertijd maken wij gebruik van een veel toegankelijkere methode 

om de reflectantiespectra te kunnen berekenen en te begrijpen.

 Om de optica van deze zo genoemde structurele kleuren in vogelveren beter te begrijpen 

is het belangrijk om gedetailleerde metingen en berekeningen uit te voeren. Door het toepassen 

van unieke optische technieken waarmee de verstrooiing van licht door microscopisch kleine 

objecten kan worden gemeten en met behulp van verschillende microscopie- en spectrofotometrie-

methodes zijn de hoekafhankelijke spectrale eigenschappen van de veren bestudeerd. De gemeten 

reflectantiespectra konden worden verklaard met een toegankelijke matrix-berekeningsmethode 

door de fotonische structuren in de veren te beschouwen als een multilaag, oftewel een stapeling 

van lagen. Een belangrijke component van de kleurvorming zijn de melanosomen, organellen 

die melanine bevatten, die in lagen geordend zijn. De multilaagberekeningen gaven een goede 

overeenkomst met de gemeten reflectiespectra als functie van de belichtingshoek bij de veren 

van verschillende vogels. 

 Na een algemene introductie van pigmentkleuren en structurele kleuren wordt in 

Hoofdstuk 1 de theorie van optische dunne-lagen en multilagen uiteengezet. Deze theorie wordt 

in latere hoofdstukken voor de multilaagberekeningen gebruikt.

 In Hoofdstuk 2 analyseer ik de structurele kleuren van twee spreeuwensoorten, de 

Europese spreeuw, Sturnus vulgaris, en de Kaapse spreeuw, Lamprotornis nitens. Deze hebben 

allebei maar één laag keratine, gevolgd door één laag met staafvormige melanosomen. Bij de 
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Europese spreeuw zijn de melanosomen massief, maar die van de Kaapse spreeuw zijn hol, 

gevuld met lucht. Vergelijking van de gemeten reflectantiespectra van de veren van de Europese 

spreeuw en de berekende spectra leverde een belangrijk nieuw inzicht op, namelijk dat de eerste 

keratinelaag bepalend is voor de vorm van het uiteindelijke reflectantiespectrum. Dit is het geval 

als de multilaag uit minder dan drie lagen bestaat. Bij een toename van het aantal lagen, zoals 

in de Kaapse spreeuw, wordt de bijdrage van de eerste keratinelaag aan de kleurvorming steeds 

minder belangrijk.

 In Hoofdstuk 3 en 4 bestudeer ik de structurele kleuren van de veren van de pauw 

(Pavo cristatus). Deze veren hebben de meest complexe fotonische structuren van alle vogels: 

twee dimensionaal-geordende roosters van massieve melanosoom-staafjes en luchtkanalen 

in keratine. De vier meest prominente kleuren van de pauwenveren zijn te zien in de goed 

bekende, ringvormige patronen van de staartveer. Hierbij toon ik ten eerste aan dat een simpele 

multilaagberekening goed in staat is om de optica van deze zeer complexe structuren te 

beschrijven. Ten tweede, de fotonische structuren van de pauwenveer tonen een interessante 

diversiteit in het aantal lagen. Afhankelijk van het aantal lagen hebben de reflectantiespectra 

een complexe vorm, met dubbele pieken, of een prominente eenvoudige vorm met een enkele 

piek. Een dubbele piek zal gemengde kleuren tot stand brengen in het oog van de waarnemer, 

met een mogelijkheid voor grotere kleur variatie. Bij een gering aantal (tot ca. 5) lagen is 

de dikte van de eerste laag, bestaand uit keratine, van primair belang voor de vorm van het 

reflectantiespectrum, die dan vaak dubbele pieken vertoont. Bij een groot aantal (meer dan 7) 

lagen resulteert altijd slechts een enkele spectrale piek. Samen met de inzichten uit hoofdstuk 2, 

toon ik hier aan dat het aantal lagen en de specifieke structuur ervan bepalend zijn voor de vorm 

van het reflectantiespectrum, en dus voor de kleur.

 Hoofdstuk 5 laat zien dat de kleuren van de veren van de hiervoor genoemde 

spreeuwen en van de eend Anas platyrhynchos, de ekster Pica pica, en ook de pauw, veranderen 

wanneer ze blootgesteld worden aan water. Om de spectrale veranderingen te begrijpen heb ik 

weer de beproefde multilaagberekeningsmethode toegepast. De conclusie is dat het water de 

veerstructuren doet uitzetten, zodat het reflectantiespectrum verschuift en de kleur verandert.

 Dankzij het onderzoek beschreven in dit proefschrift kunnen de kleuren van veel 

vogelveren nu met de toegankelijke effective-medium-multilagen methode gedetailleerd, 

kwantitatief begrepen worden. 
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Zusammenfassung

Farben der Vogelfedern erklärt durch einen Effektives-Medium Multilagenansatz 

Viele Vögel haben faszinierende Farben dank nanoskopischen Strukturen in ihren Federradien. 

Die Nanostrukturen befinden sich an der Oberfläche der Radien, besitzen eine Periodizität in 

der Grössenordnung von 100-200 Nanometern, und bestehen aus Keratin und Melanin (und 

manchmal auch Luft). Solche Strukturen werden oft als bio-photonische Kristalle bezeichnet. 

Die besonderen optischen Eigenschaften dieser Strukturen, welche beispielsweise in den Federn 

des Pfaus anzufinden sind, sind noch nicht vollkommen verstanden. Mit dieser Doktorarbeit 

trage ich zu einem besseren Verständnis des Zusammenhangs zwischen bestimmten 

nanoskopischen Strukturen und deren spezifischen, optischen Eigenschaften bei. Gleichzeitig 

benutze ich eine einfache und sehr zugängliche Methode zur Berechnung und zum Verständnis 

der Reflektionsspektren. 

 Um die Optik dieser so genannten Strukturfarben in Vogelfedern besser zu verstehen, 

habe ich eine einzigartige optische Technik angewandt um die Streuung des Lichts an 

mikroskopischen Objekten zu studieren. Des Weiteren habe ich verschiede Mikroskopie- und 

Spektrophotometrie-Methoden eingesetzt um aus diesen Abbildungen in Kombination mit 

der quantitativen Messung der Reflektions-, Absorptions- und Transmissionspektren neue 

Einsichten zu gewinnen. Diese optischen Messungen konnten durch Berechnungen mit Hilfe 

der Transfer-Matrix Methode erklärt werden bei der die photonischen Strukturen als Multilagen, 

d.h. als ein Stapel von Schichten verschiedener Brechungsindizes, approximiert wurden. Ein 

wichtiger Bestandteil der Farbgebung sind die Melanosomen, melaninhaltige Organellen, die in 

Schichten in einer Matrix aus Keratin angeordnet sind. Die Multilagenberechnungen zeigen eine 

gute Übereinstimmung mit den Reflektionsspektren der verschiedenen Vogelfedern, welche als 

Funktion des Beleuchtungswinkels gemessen wurden. 

 Nach einer allgemeinen Einführung zu Pigmentfarben und Strukturfarben wird im 

ersten Kapitel die Theorie optischer Dünnfilme und Multilagen vorgestellt. Diese Theorie formt 

die Basis der Multilagenberechnungen, welche in den übrigen Kapiteln ausgiebig verwendet 

wird. 

 In Kapitel 2 analysiere ich die Strukturfarben von zweier Stare, dem europäischen Star, 
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Sturnus vulgaris, und dem südafrikanischen Glanzstar, Lamprotornis nitens, auch bekannt als 

Blaustar. Die Federn beider Vögel enthalten eine Schicht aus Keratin, unter der eine einzelne 

Lage stabförmiger Melanosomen anzutreffen ist. Beim europäischen Star sind die Melanosomen 

massiv, die des Glanzstars sind dagegen hohl. Der Vergleich der gemessenen Reflektionsspektren 

der Federn mit den berechneten Spektren erlaubt die Einsicht wie die Reflektionsspektren 

entstehen. Bei dem europäischen Star ist es massgeblich die erste Keratinschicht, die die Form 

des endgültigen Reflektionsspektrums bestimmt. Dies ist insbesondere der Fall, wenn die 

Multilagenstruktur aus weniger als drei Schichten besteht. Mit zunehmender Schichtanzahl, wie 

z.B. bei den Federn des Glanzstars, verliert der Beitrag die erste Keratinschicht zur Farbbildung 

zunehmend an Bedeutung.

 In den Kapiteln 3 und 4 untersuche ich die Strukturfarben von Pfauenfedern (Pavo 

cristatus). Diese Federn haben eine der komplexesten photonischen Strukturen, welche in 

Vogelfedern angetroffen werden kann: zwei-dimensional angeordnete Dualgitter aus massiven 

Melanosomenstäbchen und Luftkanälen, eingebettet in eine Keratinmatrix. Die vier markantesten 

Farben der Pfauenfedern formen das ringförmigen Muster der Schwanzfedern. Zunächst einmal 

zeige ich, dass eine einfache Multilagenberechnung die Optik dieser komplexen Strukturen 

gut beschreiben kann. Zweitens zeigen die photonischen Strukturen in den Pfauenfedern eine 

interessante Vielfalt in der Anzahl der Einzellagen. Abhängig von dieser Anzahl haben die 

Reflektionsspektren eine komplexe Form mit zwei dominanten Intensitätsmaxima oder eine 

einfache Form mit nur einem dominanten Maximum. Im Falle der Doppelmaxima werden 

gemischte Farben im Auge des Beobachters erzeugt, so wie bei der braunen und lilanen Farbe 

der Pfauenfeder. Bei einer kleinen Anzahl von bis zu etwa fünf Einzellagen ist die Dicke der 

Keratin-Kortexschicht von primärer Bedeutung für die Form des Reflektionsspektrums, welches 

in der Regel Doppelmaxima zeigt. Bei einer grossen Anzahl von mehr als sieben Einzellagen 

entsteht nur ein einziges Intensitätsmaximum. Zusammen mit den Erkenntnissen aus Kapitel 

2 erkläre ich genauer, wie die Anzahl der Schichten und ihre spezifische Struktur die Form des 

Reflektionsspektrums und damit die zu beobachtende Farbe bestimmen.

 In Kapitel 5 zeige ich, dass sich die Farben der Federn der Stare, der Stockente 

Anas platyrhynchos, der Elster Pica pica und auch des Pfaus verändern, wenn sie mit Wasser 

in Berührung kommen. Um die spektralen Veränderungen zu verstehen, habe ich wieder die 

bewährte Multilagen-Berechnungsmethode angewandt. Die Schlussfolgerung ist, dass das 

Wasser eine Ausdehnung der Strukturen bewirkt, welches wiederum das Reflektionsspektrum 
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verschiebt und somit auch die Farbe verändert.

 Dank der Erkenntnisse dieser Dissertation, können nun viele andere Vogelfederfarben 

mit der zugänglichen Effektiv-Medium-Multilagenmethode berechnet werden. 
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